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Forward
The United States Army stores explosives in underground storage facilities.
These facilities are typically laid out such that their entrance is positioned at the base of a
mountain with a series of tunnels leading to the actual underground
"room"
where the
explosives are kept.
One implication of this configuration is that if an accidental explosion occurs
inside the facility, the resulting shock wave is directed out of the entrance tunnel and into
the surrounding atmosphere. Depending on the severity of the explosion and the
configuration of the tunnel and storage chamber, this shock wave can injure or kill
anyone in its path and potentially destroy nearby buildings.
In the past, the Army has done small-scale model tests of the explosions to
determine a distance from the exit of the tunnel at which it is safe for people, buildings,
etc. in case of an accidental explosion within the facility. These tests, however, are very
costly and time consuming.
A faster and less expensive means of obtaining such a distance is through the use
of computational fluid dynamics (CFD). Using CFD, it is possible to model the
explosions on a computer, greatly reducing the time and cost required to perform the
3
analysis. This paper studies the validity of using the SHARC (S Hydrodynamic
Advanced Research Code) CFD hydrocode to model explosions in vented chambers.
Abstract
Computational Fluid Dynamics (CFD) models were created and analyzed using
the commercially available hydrocode SHARC to determine if SHARC can accurately
predict the behavior of explosions in enclosed vented chambers.
Axisymmetric two-dimensional models were generated using the same physical
parameters used in similar model tests performed by the US Army. Three different
chamber/vent configurations were investigated with three charge sizes per configuration
in order to compare the SHARC results to the data obtained from the model tests. The
time of arrival of shocks and the peak over-pressure were compared. The calculations
were then analyzed using several graphical tools currently available.
It was found that SHARC is able to produce valid results, but with some
limitations. One such limitation stems from the nature of computational fluid dynamics
calculations in that some information is lost due to the discrete time steps used for
calculating the various flow field parameters. Another limitation was introduced by the
utility program necessary for restarting the code due to the interpolating process it uses to
generate data for input to future executions of SHARC.
As with any software used as an engineering aid, SHARC must be used with
caution. Plots of flow parameters are recommended to analyze physical trends.
Comparison plots are presented here for trend information only in the absence of highly
expensive benchmark-quality data.
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1. Introduction
The main objective of this research is to validate the use of the commercially
available SHARC (S Hydrodynamic Advanced Research Code) hydrocode for modeling
explosions. The United States Army Corps of Engineers - Waterways Experiment
Station (USACE-WES) has used SHARC in the past to simulate explosions in
underground storage facilities,1 but has not verified that the results accurately predict
what would happen in the event of an actual explosion.
This analysis studies the ability of SHARC to produce accurate predictions of the
effects of explosions in vented chambers by comparing the SHARC results to the results
of small-scale model tests recently performed.2 Figures 1 through 3 show a cross-section
of the configuration of these tests. Two-dimensional axisymmetric models were created
and analyzed using SHARC on the Army's Cray C-90 and Cray Y-MP supercomputers
and compared to the actual data taken from the small-scale model tests.
The results obtained from the SHARC analyses, after comparison to the model
tests, provide insight and data which can be used to develop methods of designing
underground ammunitions storage facilities that do not endanger the surroundings should
there be an accidental explosion.
Figure 1: Experimental Setup for WES Tests 25 through 27
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Figure 2: Experimental Setup forWES Tests 107 through 109
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Figure 3: Experimental Setup for WES Tests 73 through 75
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2. Literature Review
The simulation of explosions in underground storage facilities has been attempted
in the past by the US Army, but the results did not correlate well with experimental data
obtained from small-scale model tests.12 However, S-CUBED, the originator of
SHARC, performed prediction models of a magazine explosion test performed at China
Lake, California in August, 1988 using both two-dimensional and three-dimensional
models which were relatively successful. 3 Since then, the U. S. and several other
countries have been performing various tests with explosion effects and the use of
hydrocodes for calculating them.
Research has also been done which resulted in analytical expressions for the
effects of explosions detonating outside the entrances of tunnels. 4-5 HULL, SAP and
other commercial hydrocodes have also been used in the research of explosion
effects.6-7-8-910 HULL and SAP have been used to predict the airblast resulting from
underground explosions using a rectangular mesh with reasonable results. u The effects
of accidental explosions in underground ammunitions storage facilities have also been
studied through experiments in the U.S. and other countries.2-12 In 1990, a program was
conceived that would predict the loads on surrounding structures and the chamber itself
using various input parameters. 13 The results of the work discussed in this paper could
help in the development of such a program since it would provide a quick, inexpensive
method of gathering the data required to prove that the program correctly predicts the
resulting loads.
In April 1984, a paper was written which presented various airblast parameters
associated with TNT spherical free-air bursts and hemispherical surface bursts.
Hopkinson and Sachs Scaling laws were used to give equations for the distance away
from a charge that results in the same pressure when different charge sizes are used.14
Similar equations are also presented for arrival time and impulse. These equations are
then modified to account for varying atmospheric conditions. The work done in Kingery
and Bulmash's paper is similar to what could be produced for explosions in vented
chambers once a data base of results from such explosions has been created. This paper
shows how SHARC can be used to help create such a data base by proving that it is able
to predict the behavior of such explosions.
The work presented here is unique and has not been performed before. Most of
the work reported above focused around damage assessment, pressure and impulse
studies. As new experiments are being performed in conjunction with hydrocode
validation, the idea of using CFD techniques as a tool in the design phase of munitions
storage facilities is gaining acceptance. The present study concentrates on the objective
of using CFD as a design tool for this application and provides the proof necessary to
validate the use of SHARC in such an application.
3. Experimental Set-up
3.1 Introduction
The US Army conducted small-scale model tests consisting of chambers
constructed of steel with various vent configurations as shown in Figures 1 through 3
(pages 2-4), each with an explosive charge being detonated at the center of the chamber.
Figure 1 shows the Test 134 series configuration which is simply a 50.8 cm (20
in) diameter by 180 cm (70.9 in) long chamber with a 14.6 cm (5.75 in) diameter by 400
cm (157.5 in) long vent pipe.
Figure 2 shows the Test 106 series configuration which is identical to the Test
134 series except that it has a 2.54 cm (1.0 in) thick plate with a 4.604 cm (1.81 in) hole
in its center placed at the outlet end of the chamber. This plate was added to try to
dissipate a portion of the energy released during the explosion before the resulting shock
wave is released into the vent (and, ultimately, the atmosphere).
Another experimental method used to dissipate energy is shown in Figure 3
which illustrates the Test 73 series configuration. This model uses the same chamber and
vent as the Test 134 series except it also incorporates a 47.8 cm (18.82 in) diameter by
208 cm (81.9 in) long secondary chamber located 330.5 cm (130.1 in) from the primary
chamber with another section of 14.6 cm (5.75 in) diameter vent pipe extending 130.5
cm (51.4 in) beyond it.
Typically there were three different charge sizes for each vent configuration. The
actual charges that were used for the Army's tests consisted of the explosive C-4 and
were in slab form with dimensions as shown in Table 1 . The charges were placed at the
center of the chamber and detonated from the side closest to the vent.
Table 1: Experimental Charge Dimensions
Length
(cm)
Width
(cm)
Height
(cm)
Volume
(cm3)
22.352 5.08 2.54 288.412
22.352 5.08 5.08 576.825
22.352 7.62 5.08 865.237
3.2 Data Acquisition
Figures 1 through 3 also show the locations of the stations (positions) where
pressure gages were set up such that data could be recorded which would indicate the
arrival time of the resulting shock wave as well as the peak pressure at that location.
Digital gages with a sampling frequency of 1000 kHz were used for the scale model tests.
The data obtained from these tests (WES data) was tabulated in Tables 2 through 10
which were supplied by the Army along with Figures 1 through 3.
Due to the destructive nature of the tests and the very short time interval over
which each test takes place, the resulting WES data has a limited amount of
Consequently, the WES data is only used to compare trends in the results of the SHARC
runs to those of the WES tests, and not as a benchmark of the accuracy of the SHARC
results.
*
It is important to note that during each test there is a very short window in which pressure data can be
recorded. The data acquisition equipment used to gather the data can only withstand the resulting high
pressures for a limited amount of time, afterwhich it is destroyed and no longer able to report pressures
accurately.
Text continued on page 18.
Table 2: WES Data forWES Test 25
Gage Location and peak measured data, New Technologies For Underground Munitions (Storage,
Phase 1 Small Scale Model Tests, Test 25. 0.45-kg c-4
Measurement Gage Location
Arrival Peak Peak Peak Peak
X(*1) Y(*2) Time Pressure Pressure Impulse Impulse
Number Typef4) (m) <m) (msec) KPa pal kPa-sec
59.27
psl-sec
AB1 TOP 0 0.107 0.333 8777 1410 0.6
AB2 TOP 0.49 0.294 0.103 0090 971
A93 TOP 1.35 0.254 0.189 7274 1080
AB4 TOP 1.89 0.073 0.509 9323 772
ABO TOP 2.01 0.073 0.900 2944 427 40.17 5.83
ABO TSP 2.01 0.073 0.000 0943 1007 44.09 0.4
AB7 TOP 3.3 0.073 1.39 2710 393 39.0 5.19
ABB TOP 4.3 0.073 1.97 2117 307 34.9 3.00
ABB TOP 8.3 0.073 2.46 2172 319 33.30 4.84
AB10 TSP 6.01 0.079 2.94 3013 437
AB11 TOP 9.01 0.073 2.93 1000 202
AB12 PFOP 7.6 0 0.30 77.91 11.3
AB13 FFOP 8.0 0.192 9.31 00.10 9.8 0.0009 0.007
AB14 FF8P 0.0 0.192 9.31 77.22 11.2 0.09407 0.0137
AB1S FFOP 10.0 0.192 14.1 23.44 3.4 0.07420 0.0108
AB16 FFSP 10.0 0.1S2 14.00 34.47 S 0.07384 0.0107
AB17 FFOP 13.0 0.152 22.65 10.34 1.9 0.02324 0.00337
AB18 FFSP 13.0 0.192 22.00 16.17 2.2 0.02094 0.00391
TC1
TF1
TTC
TTF
0
0
0 -
0.107 0.242
NOTES:
1. Horizontal distanoo measured from the tunnel portal paraflel to the tunnel centerHn,
positive towards the rear of the tunnel.
2. Horizontal dstanaoe measured perpendicular to the tunnel centerttne. posWve to the Left
when observedl the portal facing the rear of the tunnel.
3. Mass of the exploetvo charge divided by the volume of the tunnel engulfed by the advancing
shock front as the front reaches the gage position specified.
4. Measurement typee ere:
TOP - tunnel side-on overpressure
T8P - tunnel stagnation pressure
TTF - tunnel thermal flux
TTC - tunnel thermocouple
FFOP - free-field side-on overpressure
FFSP free-field stagnation pressure
Table 3: WES Data for WES Test 26
Gage Location and peak measured data, New Technologies For Underground Munitions Storage.
Phase 1 Small - Scale Model Tests, Test 20, 0.91-kg C-4
Measurement Gage Location
Peak Peak PeakArrival Peak
X(M) YC2) Time Pressure Pressure Impulse Impulse
Number Type ("4) (TO
0
fm) (msec) kPa P* kPa-seo
97.0S
psi-seo
AB1 TOP 0.107 0.201 17009 2554 14.2
ASZ TOP 0.49 0.254 0.141 12017 1030
AB3 TOP 1.35 0.254 0.201 12252 1777
AB4 TOP 1.99 0.073 0.470 0409 929
AB6 TOP 2.81 0.073 0.704 4609 064 01.97 8.99
ABB TSP 2.81 0.073 0.702 8343 1210 78.77 10.99
AB7 TOP 3.3 0.073 1.13 4870 084 01.01 0.94
AB8 TOP 4.3 0.073 1.00 367S 533 50.14 0.14
ABO TOP 5.3 0.073 2.05 3181 457 53.74 7.79
AB10 TSP 5.81 0.073 2.39 0007 907 40.17 7.13
AB11 TOP S.61 0.073 2.4 2088 303
AB12 FFOP 7.8 0 5.10 115.6 18.6
AB13 FFOP 8.8 0.152 7.89 07.57 9.77 0.9868 0.144
AB14 FF8P 8.8 0.152 7.9 99.97 14.5 0.1023 0.0148
AB1S FFOP 10.8 0.162 12.49 33.70 4.9 0.1001 0.0145
AB16 FF6P 10.0 0.192 12.5 02.09 9 0.10S3 0.0153
AB17 FFOP 13.0 0.152 21.10 13.70 2 0.05030 0.0073
AB18 FF8P 13.8 0.192 21.10 20.00 3 0.06388 0.00782
TC1 TTC 0 0- -..._...
TF1 TTF 0 0.107 0.122
NOTES:
1. Horizontal distancemeasured from the tunnel portal parallel to the tunnel oenter line,
positive towardsme rear of the tunnel.
2. Horizontal dlstanace measured perpendicular to the tunnel centerilne, pesMve to the Left
when observed at ID* portal facing the rear of the tunnel.
3. Mass of the explosive charge drvtded by the volume of the tunnel engulfed by the advancing
shock front aa the front reaches ttte gage position spedfled.
4. Measurement types are:
TOP tunnel stde-on overpressure
T8P tunnel stagnation pressure
TTF - tunnel thorrnai flux
TTC - tunnel thermocouple
FFOP free-field side-on overpressure
FFSP free-field stagnation pressure
10
Table 4: WES Data forWES Test 27
Gage Location and peakmeasured data, New Technologies For Underground Munitions Storage,
Phase 1 Smail - Scale Model Tests, Test 27, 1 .36-kg C-4
Measurement Gage Location
Peak Peak PeakArrival Peak
xp) Y(*2) Time Pressure Pressure Impulse Impulse
Number Type (4) (m) (m) (msec) kPa psl kPa-sec
143.1
psj-snc
AB1 TOP 0 0.107 0241 28434 4124 20.70
AB2 TOP 0.46 0264 0.112 20426 3833
AB3 TCP 1.39 0.254 0.134 17988 2600
AB4 TOP 1.99 0.073 0.437 8503 1242
AB5 TOP 2.61 0.073 0.099 7384 1071 93.36 13.64
ABB TSP 2.01 0.073 0.093 12266 1782 116 17.12
AB7 TOP 3.3 0.073 1.03 4675 678 80.94 12.9
AB8 TOP 4.3 0.073 1.52 4787 690 82.94 12.03
ABB TOP 5.3 0.073 1.09 4185 007 77.03 11.28
AB10 TSP 5.01 0.073 2.21 8920 1237
AB11 TOP
FFOP
5.61
7.6
0.073 -
0AB12 4.77 118.6 17.2 0.09625 0.014
AB13 FFOP 8.8 0.152 7.33 05.13 13.0 1.82 0.221
AB14 FFSP 0.0 0.162 7.321 153.1 22* 0.1390 0.0203
AB18 FFOP 10.0 0.152 11.9 45.51 0.0 0.1444 0.0209
AB16 FFSP 10.0 0.162 11.92 74.48 10.0 0.1180 0.0172
AB17 FFOP 13.8 0.152 20.98 17.93 2.0 0.0046 0.0993
AB16 FFSP 13.0 0.152 20.01 28.98 4.2 0.07242 0.0100
T01
TF1
TTC
TTF
0
0
0 -
0.107 0.368
NOTE8:
1. Horizontal distance measured from the tunnel portal parallel to the tunnel oenler Hne,
positive towards the rear of the tunnel.
2. Horizontal dtttanacemeasured perpendicular to the tunnel centerHne, poaluve to the Left
when observed al the portal facing the rearof the tunnel.
3. Mass of tne explosrve charge dMded by the volume of the lunnel engulfed by the advancing
shock front as the front reaches the gage position specified.
4. Measurement typee are:
TOP - tunnel side-on overpressure
TSP tunnel stagnation pressure
TTF - tunnel thermal (lux
TTC tunnel thermocouple
FFOP - free-field aide-on overpressure
FFSP - free-field stagnation pressure
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Table 5: WES Data for WES Test 107
Gaga Location and peakmeasured data, New Technologies ForUnderground Munitions Storage,
Phase 2 Small Scale Modal Tests. Test 107. 0.45-kg C-4 03030302
Measurement Gage Location
Arrival Peak Peak
X<M) YC2) Time Pressure Pressure Impulse
Number Type (m)
0
(m) (msec) PBI KPa PSI-SEC
A81 TOP 0.107 0.302 1770.83 12270.1 --. -
AB2 TOP 0.45 0.294 0.172 600.30 4180.01
ABB TOP 1.3S 0.284 0.142 786.92 649041
AB4 TOP 2.01 0.073 0.488 169.30 1008.98
ABB TOP 2.83 0.073 1.00 1131.87 760*90
ABB TOP 2.63 0.073 1.1 288*0 1007.01
AB7 TOP 3.32 0.073 1.07 110*4 822.191
ABB T8P 4.32 0.073 3.13 88.05 688.447
ABB TOP 5.01 0.073 4.16 08.7 860.819
A810 TOP 9.83 0.073 5.1 100,18 600.717
AB11 T8P 5.83 0.073 5.1 71.86 499*89
AB12 FFOP 3.05 0.152 13.3 1.02 12.6400 0.003332
AB13 PROP 8.1 0.162 22* 1.40 10*792 0.0000210
AB14 FFSP 6.1 0.192 aa.a 2*3 18*783 0.0009282
AB18 FFOP 12* 0.182 40 0*8 1.70204 0.0001710
AB1B FFOP 12.2 0.152 40 0.60 4.00791 0.0001731
AB17 . 24.4 0.162 ___ .
AB18 24.4 0.192 74.0 0.28 1.93069 9.562E-05
AB19
AB20 _
AB21
A822 "~ - 1 " ' - "'
NOTE8:
1. Horizontal distance measured from the turinel porutf paraiel to the tunnel <
pOfttsYo) lOWbMOBwo roow of tnoj tunooti.
z.HorUBore*oManacomeaaundpoip*ndioi^
when obearved at ft* portal facing the rear of thetunneL
3. MaoftlaxploatvcnarBadrvldedbyt the advancing
shock front as the front reaches the gag* position specified.
4. Measurement types are:
TOP - tunnel side-on overpressure
TSP tunnel stagnation pressure
TTF - tunnel thermal flux
TTC tunnel thermocouple
FFOP - free-field aide on overpressure
FFSP - free-field stagnation pressure
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Table 6: WES Data for WES Test 108
Gaga Location and peak measured data, New Technologies For Underground Munitions Storage,
Phase 2 Small - Scale Modol Tests, Test 106, 0.90-kg c-4 93030401
Measurement Gage Location
Arrival Peak Peak
X(*1) Yf2) Time Pressure Pressure Impulse
Number Type (m) (m) (msec) PSt KPa PSI-SEC
AB1 TOP 0 0.107 0.304 7443 51310
AB2 TOP 0.45 0.524 0.15 ___
AB3 TOP 1.33 0*54 0.132 057.6 5913 __
AB4 TOP 2.01 0.073 0.479 302.0 2038
ABO TOP 2.03 0.073 0.838 1481 10070
ABB TOP 2.03 0.073 0.043 400.7 2702
AB7 TOP 3.32 0.073 1.54 101.0 700.5
ABB TSP 4.32 0.073 2.00 04.43 061
ABB TOP 5.01 0.073 3.52 130.0 904.6
AB10 TOP 9.03 0.073 4.33 160.1 1076
AB11 TSP 9.03 0.073 4.32 130 961.0 _~~
AB12 FFOP 3.06 0,162 12.3 2.02 10.41 0.004761
AB13 FFOP 6.1 0.152 20.0 1*1 0.30 0.004590
AB14 FF8P 6.1 0.162 20.0 1.31 9.06 0.004081
AB15 FFOP 12.2 0.192 30.7 0.40 3.35 0.00040
AB16 FFSP 12.2 0.152 30.7 0.04 5.01 0.0004006
AB17 FFOP 24.4 0.152 ___ ..
AB19 FFSP 24.4 0.192 74.0 0*0 1.00 0.001184
AB10 _ -_~.
AB20 ..- __
AB21 ... .. - _._.
AB22 - -
NOTE8:
1. Horizontal distance measured Awn ttw tunnel ports! parallel to the tunnel oenter Hne,
positive towards the rearof Ihe tunnel.
2. Horizontal dlstanac* measured perpendicular to die tunnel oenterNne, positive to die Left
when observed at the portal facing the rear of the tunnel.
3. Mass of the explosive charge divided by the volume of the tunnel engulfed by the advancing
shock front as ttio front reaches the gege position specified.
4. Measurement types are:
TOP tunnel side-on overpressure
TSP tunnel stagnation pressure
TTF tunnel thermal flux
TTC tunnel thermocouple
FFOP - free-field side-on overpressure
FFSP - free-field stagnation pressure
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Table 7: WES Data forWES Test 109
Gage Location and peak measured data, NewTechnologies ror Underground Munitions Storage,
Phase 2 small - Scale Model Tests. Test 109, 1 .35-kg c-4 93030402
Measurement Gage Location
Arrival Peak Peak
X(*1) Y(*2) Time Pressure Pressure Impulse
Number Type (m) (m) (msec) PSI KPa PSI-SEC
AB1 TOP 0 0.107 0.020 10140.50 00068*
AB2 TOP 0.48 0*94 0.22 1477*7 10107*
AB3 TOP 1.38 0*64 0.327 1600.07 10340.0
AB4 TOP 2.01 0.073 0.039 240*8 1067*8
ABO TOP 2.03 0.073 0.400 140.09 1024.77 ....
AB9 TOP 2.03 0.073 0.407 487*8 3166.76
AB7 TOP 3.32 0.073 1.09 149*4 009*79
AB8 T8P 4.32 0.073 1.09 118.4 706.866
ABO TOP 5.01 0.073 2.00 178.12 1228.00
AB10 TOP 9.09 0.073 3.31 190.07 1310.40 .. i
AB11 TSP 6.09 0.073 3.31 100*8 784.011 _.
AB12 FFOP 3.05 0.152 10* 3.80 23*792 0.008914
AB13 FFOP 0.1 0.152 10.7 1.4 9.0920)0 0.00365209
AB14 FFSP 6.1 0.152 10.7 2.49 16.7849 0.003788
AB16 FFOP 12* 0.162 37* 0*4 3.72317 0.0006717
AB18 FP8P 12.2 0.162 37.3 1*0 7.30044 0.0004090
AB17 FFOP 24.4 0.182 72.0 0.11 0.78942 0.0001144
AB18 FFSP 24.4 0.162 72.9 0*0 2*8898 0.0002370
AB19 .___ i.i ....!.
AB20 ..... . .
AB21 ___ ____ . ..-. i _
AB22 - ' 1
NOTES:
1. Horizoritai<ilstarxrrtessMred from the turtneirx>rt
podnVo towardsBm rear of8to tunnel.
2. Horizontal dlstanaosmeeeured perpendlcmiar to the tunnel oenterllne, pooMvo to the Left
when observed at the portal facing the rear of the tunnel.
3. MOSS Of the explosive charge divided by the volume of the tuiwel onoutfod by the advancing
shock front as the front reaches the gaga position specified.
4. Meanirement types arse
TOP tunnel skte-on overpressure
T8P - tunnel stagnation pressure
TTF - tunnel thermal flux
TTC - tunnel thermocouple
FFOP - free-field side-on overpressure
FFSP free-field stagnation pressure
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Table 8: WES Data forWES Test 73
Gage Location and peakmeasured date, New Technologies For Underground Munitions Storage,
Phase 2 Small - scale Model Tests, Test 73, 0.45-kg C-4 93012502
Measurement Gage Location
Peak PeakArrival Loading
XH) YC2) Time Pressure Pressure Density
Number Type (m) (m) (mseo) P6I KPa ikg/m(3) <*3)
AB1 TOP 0 0.107 0.300 1961 13920.0 1.00
AB2 TOP 0.45 0.254 0.000 581 4008.66 1.00
AB3 TOP 1.33 0*94 0.43 640 8848.75 1.00
AB4 TOP 1.90 0.073 0.400 004 4184.43 1.05
AB6 TOP 2.0 0.073 0.08 498 2000.22 1.01
ABB TSP 2.0 0.079 0.040 1164 7086.68 1.01
AB7 TOP 3.6 0.073 1.400 341 2381.11 1.94
ABB TOP 4.6 0.073 2.109 281 1037.43 1.48
**AB6" TOP 4.6 0.073 2.103 -660 -3792.12 1.48
ABO TOP 6.45 0.230 4.032 400 3379.49 0.02
AB10 TOP 7.3 0.073 0.610 75 817.107 1.30
AB11 TOP 0.12 0.079 7*01 00 418.000 1.30
AB12 TSP 8.12 0.079 7.609 00 020.020 1.30
AB13 TOP 0
ABU FFOP 0
AB16 FFOP 0.162 3.06 17.007 2.82 10.0643
AB1B FFSP 0.162 0.1 24.907 1.67 11.6142
AB17 FFOP 0.162 6.1 24.011 0.0 6*1681
AB18 FFSP 0.152 12.2 42.752 0* 4.13686
AB10 FFOP 0.162 12.2 42.779 0*1 1.4479
AB20 FFSP 0.152 24.4 70*09 0.10 1.24106
AB21 FFOP 0.162 24.4 79.667 0*7 046289
NOTES:
1. Horizontal distance measured from the tunnel rjortairjaraiiei to tr^tunnei center ana,
positive towards the rear of the tunnel,
2. Hoclnia|diatanaeornoaawadp
when observed at the portal facing the rear of the tunnel.
3. MasBOftheaxptosfvecriaraotfviaOdby the advancing
shock front asUie front reecho* the gage position specified.
4. Measurement types are;
TOP - tunnel side-on overpressure
T8P - tunnel stagnation pressure
TTF tunnel thermal flux
TTC - tunnel thermocouple
FFOP free-field skto-on overpressure
FFSP - free-field stagnation pressure
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Table 9: WES Data forWES Test 74
Gaga Location and peak measured data, New Technologies Fur Underground Munitions Storage,
Phase 2 Small -Scale Model Tests, Test 74, 0.90-kgC-4 03012803
Measurement Gage Location
Peak PeakArrival Loading
X<*1) Y(*2) Time Pressure Pressure Density
Number Type (m) (m) (msec) PS! KPa ikg/rn(3) (*3)
AB1 TOP 0 0.107 0*74 3860 28644.6 3.33
AB2 TOP 0.49 0.264 0.12 2000 14341.1 3.33
AB3 TOP 1.36 0*64 0.110 1058 11417.7 3.33
AB4 TOP 1.98 0.073 0.46 099 0487*8 3.31
ABB TOP 2.6 0.073 0.782 810 3816.33 3*1
ABB TSP 2.6 0.073 0.770 1400 10204* 3*1
AB7 TOP 3.6 0.073 1.342 0 3.08
ABB TOP 4.6 0.073 1.933 391 2480.01 2.95
-ABB- TOP 4.8 0.073 1.933 -1000 -0994.79 2.99
ABO TOP 6.46 0*30 4.153 OSS 4816.07 1.83
AB10 TOP 7.5 0.073 5.582 129 848.066 2.76
AB11 TOP 8.12 0.073 0.453 94 040.107 2.71
AB12 T8P 6.12 0.073 6.486 149 1006.83 2.71
AB13 TOP 0
AB14 FFOP 0
AB15 FFOP 0.152 3.06 14.496 4.88 31.578
AB16 FFBP 0.152 6.1 23.167 02 13.0274
AB17 FFOP 0.152 6.1 23.168 0.08 0*8002
AB16 FFSP 0.152 12* 40.031 0.78 8.37701
AB1B FFOP 0.162 12* 40.943 0*7 1.99158
AB20 FFSP 0.162 24.4 79.789 0.22 1.81008
A821 FFOP 0.152 24.4 79.749 0.08 0*8158
NOTES:
1. HortzontsJ distancemeasured from the tunnel portal parallel lo the tunnel centerOne,
positive towardsdie roar of ttie tunnel,
2. Horizontal usstanausmeasured perpendlculBrto the tunnel oentorlne. pootttvo to the Left
when observed at the portal facing the rear of the tunnel.
3. Mass of tMsxptOShreefcaigodrvMedby the volijrne of the tunnel engurfed by theedvandng
shock front as0e front reaches the gage position specified,
4. Measurement types are:
TOP - tunnel slde-cn overpressure
tunnel stagnation pressure
tunnel thermal flux
TTC tunnelUiermoeoupte
FFOP - free-fteW side-on overpressure
FFSP - free-Acid stagnation pressure
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Table 10: WES Data for WES Test 75
Gage Location and peak measured data, New Technologies For Underground Munitions Storage,
Phase 2 Small Scale Model Tests. Test 75, t.35-kgC-4 83012504
Measurement Gage Location
Arrival Peak Peak Loading
X(*1) Y(*2> Time Pressure Pressure Density
Number Type (m)
0
(m) (msec) PSI KPa 1<g/m(3)C3)
AB1 TOP 0.107 0*01 4934 34018.7 5
AB2 TOP 0.49 0*94 0.000 2603 10300.7 5
ABB TOP 1.39 0.254 0.140 2740 18933 5
AB4 TOP 1.90 0.073 0.223 1313 9000.01 4.955
ABB TOP 2.0 0.073 0.801 898 3000.00 4.610
ABB TSP 2.0 0.073 0.894 1838 11203* 4.010
AB7 TOP 3.0 0.073 1.090 3100 21413.1 4.016
AB8 TOP 4.0 0.073 1.808 373 2571.74 4.427
-ABB- TOP 4.0 0.079 1.508 1400 -9682.86 4.427
ABO TOP 0.45 0*30 3.487 1049 7181*3 2.740
AB10 TOP 7* 0.073 4.769 168 1000.37 4.107
A811 TOP 0.12 0.073 8*06 122 641.16 4.07
AB12 TSP 0.12 0.073 9*04 219 1500.05 4.07
AB13 TOP 0
ABU FFOP 0
AB18 FFOP 0.132 3.05 13.34 9*8 03.0033
AB1B FFSP 0.152 0.1 21.037 2.41 10.0104
AB17 FFOP 0.192 0.1 21.037 1.81 10.4111
AB18 FFSP 0.192 12* 30.80 1 0.00470
AB10 FFOP 0.192 12* 30.002 0.30 2.02001
AB20 FF6P 0.192 24.4 79*74 0*8 1.72909
AB21 FFOP 0.182 24.4 76*0 0.1 0.00940
NOTES:
1. HortniritalrJWajiwrmNfcsu^
poeiuve towards the rear of the tunnel.
2. Horizontal rJOjtaMacpmaaaurBdperparxi^
whan observed at the portal facing the rearof the tunnel.
3. MmofteexptoarvoctiaraodrvkM the advancing
shook rtort a* trfroif*ohes the gage p
4. Measurement types are:
TOP - tunnel side on overpressure
T8P - tunnel stagnation pressure
TTF - tunnel thermal flux
TTC - tunnel thermocouple
FFOP free-field side-on overpressure
FF8P - free-field stagnation pressure
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4. ComputerModeling
4.1 Introduction
The SHARC hydrocode used to model the explosions was run on the Army's
Cray C-90 and Cray Y-MP supercomputers located at the US Army Corps ofEngineers -
Waterways Experiment Station in Vicksburg, Mississippi via remote Internet access from
Rochester Institute ofTechnology in Rochester, New York.
The order of operation of SHARC is to use the pre-processor KEEL to prepare
the input files for SHARC. SHARC is then executed and produces an extremely large
output file. This output file is then analyzed using the post-processors PULL and STAT.
The input file "keelin" is used to define the model geometry, the mesh geometry,
the locations of the stations, the materials used in the model and the method that should
be used for solving the model. An example of a keelin file is shown in Appendix A.
Keel is then executed to produce output files which will be read by SHARC.
The input file "sharcin" (sample shown in Appendix B) defines the starting and
ending criteria and solving parameters which SHARC will use along with the output files
from KEEL (and from previous SHARC runs, if applicable) to generate its own output
files. SHARC does the majority of the model solving and requires a significant amount
of processing time as discussed later.
PULL is then executed using the input file
"pullin" (sample shown in Appendix
C) to produce plot files showing the entire model with pressure contour lines which show
the advancement of the shock wave through the model vent and into the atmosphere.
Pullin defines the values of the pressure contour lines and various parameters which
effect the appearance of the resulting plots. PULL also produces output files which
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provide valuable data in tabular form at specific time intervals as specified by the user in
the file sharcin.
STAT can also be executed upon completion of the SHARC run using the input
file "statin," a sample of which is shown in Appendix D. STAT produces plot files
showing the pressure at each station versus the elapsed time since the detonation of the
charge. A tabular output file is also generated by STAT (see Appendix F) which enables
certain values to be pulled directly from the tabulated data rather than trying to estimate
the values from the resulting STATion plots.
All of the resulting data and plot files were then downloaded to RIT for viewing
and further analysis.
4.2 Model Creation
Three chamber/vent configurations were chosen from various WES test models
based on their axisymmetric geometry and used to create two-dimensional computer
models using SHARC. Figures 1 through 3 (pages 2-4) show cross-sections of the
models with the dimensions of each of the configurations and the locations of each of the
stations. Note that the SHARC models are only one halfof these cross-sections since the
models are axisymmetric.
The coordinate system used in the models is oriented such that the x-direction
points radially away from the centerline of the physical model and the y-direction is
parallel to the centerline originating from the leftmost end of the model as seen in
Figures 1 through 3. The sample keelin file in Appendix A shows how the various
materials are located in the model using this coordinate system after the line
"generate."
The geometries shown in Figures 1 through 3 were used for the computer model
generation. The outer boundaries of the models - the inside diameters of the chambers
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and pipe sections, the ends of the chambers, and the plate in the Test 106 series - were
treated as rigid boundaries. These boundaries are shown as
"islands" in the keelin file.
Any physical space in the models that is not occupied by rigid boundaries or the
explosive charge is filled with air at standard temperature and pressure.
The shapes of the charges were converted from a rectangular cross-section to a
circular cross-section of equal area in order to facilitate the use of an axisymmetric two-
dimensional model. Appendix E shows the equation used to convert the cross-section
dimensions. The dimensions of the resulting charges are given in Table 1 1 below along
with percent-difference values for the volumes of the charges. Note that the length was
kept constant at 22.352 cm (8.8 in.).
Table 11: Charge Dimension Table
Charge
(label)
Original Charge Dimensions (WES) Cylindrical Charge Dimensions
Percent
Difference
Length
(cm)
Width
(cm)
Height
(cm)
Volume
(cm3)
Length
(cm)
Radius
(cm)
Volume
(cm3)
1.23 22.352 5.08 2.54 288.412 22.352 2.0266 288.405 0.0026%
2.53 22.352 5.08 5.08 576.825 22.352 2.8661 576.831 -0.0012%
3.80 22.352 7.62 5.08 865.237 22.352 3.5102 865.227 0.0012%
The placement of the charges is held constant in each of the models at the center
of the detonation
chamber.*
The exact location of the charges can be found by inspection
of the keelin file under the line "package compb."Note in Appendix A that the radius of
the charge is 2.8661 cm and the length and axial location of the charge are defined by the
starting distance of 78.824 cm from the end of the chamber and a terminating distance of
101.176 cm resulting in a charge 22.352 cm (8.8 in.) in length.
*
Note fh^t in the case of the Test 106 series, the "detonation
chamber"
refers to the dimensions of the
chamber before the 2.54 cm (1 in.) thick plate was added. Note, also, that the detonation chambers of all
the models, therefore, have the same dimensions.
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In order for the detonation of the charge to be simulated, charge detonation zones
at the right end of each charge were added as shown on the line under "package
cbbrn"in
the sample keelin file in Appendix A. This is how SHARC knows where the charge is
detonated and provides the chemical data required to analyze the explosion. By initiating
the explosion with a finite amount of burnt explosive at the detonation point, SHARC is
then able to propagate the burning of the explosive throughout the remaining charge.
The dimensions of the burned explosive volume in the models were determined by
experimentation with SHARC.
Previous to the "generate" portion of the keelin file is the definition of the
model's mesh. The rectangular mesh was created manually such that all boundaries
betweenmaterials and islands fell on a boundary between cells of the mesh. It was found
that this yielded the best results upon execution of SHARC.
The last lines of the keelin file define the locations of the stations at which data
was recorded in the original WES model tests. Note that the locations of the stations in
the SHARC models do not exactly match the locations as defined in Tables 2 through 10.
This was done to account for the physical space that the gages occupy.
SHARC is based on a modification of the original Particle in Cell (PIC) or Fluid
in Cell (FLIC) codes, ' proven techniques in mixed Lagrangian-Eulerian mode
calculations. Version 2 of SHARC, used in this analysis, allows second order accuracy
calculations using an alternating direction implicit technique which is used for inviscid
flow modeling. Turbulence friction models are available in SHARC, however they were
not used in this investigation.
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4.3 Labeling Scheme
The WES data and the SHARC data use two different labeling schemes as shown
in Table 12 below along with their corresponding "charge
densities."
Table 12: Labeling Scheme Table
SHARC Labels WES Labels Charge Density
Test 134 Charge 1.23 WES Test 25 1.266 kg/m3
Test 134 Charge 2.53 WES Test 26 2.531 kg/m3
Test 134 Charge 3.80 WES Test 27 3.797 kg/m3
Test 106 Charge 1.23 WES Test 107 1.284 kg/m3
Test 106 Charge 2.53 WES Test 108 2.568 kg/m3
Test 106 Charge 3.80 WES Test 109 3.851 kg/m3
Test 73 Charge 1.23 WES Test 73 1.266 kg/m3
Test 73 Charge 2.53 WES Test 74 2.531 kg/m3
Test 73 Charge 3.80 WES Test 75 3.797 kg/m3
The term "charge density" refers to a measure of the amount of explosive inside
the chamber relative to the size of the chamber. The charge densities were calculated by
dividing the mass of the charge (determined from the charge dimensions and density of
the explosive used in the SHARC models) by the entire volume of the chamber as
follows*:
*
The value of 1.23 kg/m3 (used to define the SHARC labels) was obtained by calculating the charge
density based on the mass of the charge as stated in the WES data, rather than the density and volume of
the charge as defined by the SHARC models. The resulting value was used in the title for one of the first
Cray executions of SHARC. This label was then kept due to the large amount ofCray time necessary to
process just one configuration, and in order to change the label, the model would have to be restarted
from the beginning, an inhibitive task as later discussed.
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nr2lll.60l8/
'
A j. h00cmyCharge Density = - V
l '^ .
Where:
tzR2L \000g
r = radius of charge
/ = length of charge
R - radius of chamber
L = length of chamber
1/w3
1.601
c^m
density of charge
The change in the charge densities in the Test 106 series resulted from the plate
that was placed at the outlet end of the detonation chamber as shown in Figure 2. The
chamber volume was decreased by an amount equal to the volume of the plate. This
caused a net increase in the charge density as shown in Table 12 above. However, the
SHARC labels were not changed to reflect this increase.
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5. Results
5.1 Data Presentation
Three different charge sizes were used in each of the three different chamber/vent
configurations shown in Figures 1 through 3 for a total of nine different combinations.
The WES data which was collected during the scale model tests performed by the Army
is shown in Tables 2 through 10 as they were received from the Army.
These same combinations of charge sizes and chamber/vent configurations were
then analyzed using SHARC and the resulting data was tabulated in Tables 13 through
21. The Army's corresponding model test data is also shown in Tables 13 through 21 for
easy comparison to the SHARC-generated data. Plots were then generated for visual
comparison and are shown in Figures 4 through 12.
5.2 Tabular Comparison ofResulting Data
Tables 13 through 22 are tables of the SHARC data and the corresponding WES
data which was taken from its original form in Tables 2 through 10. The titles of the
tables give the SHARC test number (e.g. Test: 73 Charge: 1.23) versus the
correspondingWES Test number (e.g. WES Test 73).
The first two columns show the SHARC station numbers and their corresponding
WES station numbers. The missing WES station numbers are due to those stations
supplying stagnation pressure rather than static pressure data or because no data was
reported for that particular station.
The next two columns give the locations of the stations within the chamber or
vent (corresponding to Figures 1 through 3). Note that the locations are all along the
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walls of the setup. These positions were dictated by the locations of the stations supplied
in theWES data.
The third, fourth and fifth columns give the time of arrival of the shock wave
resulting from the explosion in milliseconds. The SHARC- 1 and SHARC-2 columns
correspond to two separate SHARC analyses, both with identical input files except in the
case of Test: 134 Charge: 2.53 in which case the SHARC-2 data resulted from the
charge being detonated from the opposite end (left end of the chamber as shown in
Figure 1).
The columns labeled First Peak Pressure give values for the maximum pressure in
kilopascals of the initial shock wave as it passed each station. No WES data is shown
here because there is only one pressure value given for each station in the data received
from WES and this is tabulated in the last column under Peak Station Pressure.
The last three columns, labeled Peak Station Pressure, show values for the
maximum pressure in kilopascals attained at each station over the duration of the
explosion for the SHARC data. The WES values are those obtained during the Army's
test's as the initial shock wave passes and for a short time thereafter. As seen in the
SHARC data, the first peak pressure is typically also the peak station pressure so the
WES station pressure was arbitrarily included under the heading Peak Station Pressure as
St
opposed to 1 Peak Pressure.
At the bottom left-hand corner of the tables are notes explaining various pieces of
data which were not included in the table. The Burnout Time, as shown at the bottom
right-hand corner, is the time in milliseconds at which all of the explosive had burned, as
taken from the SHARC output.
25 Text continued on page 3 1 .
Table 13: Comparison ofResulting Data
Test: 134 Charge: 1.23 vs. WES Test 25
Station Gage Location Arrival Time First Peak Pressure Peak Station Pressure
SHARC WES Radius Height SHARC- 1 SHARC-2 WES SHARC- 1 SHARC-2 SHARC- 1 SHARC-2 WES
(#) (#) (cm) (cm) (msec) (msec) (msec) (KPa) (KPa) (KPa) (KPa) (KPa)
1 1 10.70 0.05 0.3631 0.333 25062 25062 9777
2 2 25.35 45 0.1836 0.163 6099 7497 6695
3 3 25.35 135 0.2093 0.185 3018 6862 7274
4 4 7.25 199 0.5454 0.599 3200 6182 5323
5 5 7.25 261 0.8747 0.906 3363 3363 2944
6 7 7.25 330 1.2914 1.35 2357 3448 2710
7 8 7.25 430 1.9036 1.97 2755 2755 2117
8 9 7.25 530 2.5466 2.46 2191 2191 2172
9 11 7.25 561 2.7616 2.93 2079 2079 1806
10 12 0.05 760 6.2423 6.38 76.14 224.6 77.91
11 13 0.05 880 9.3947 9.31 46.00 59.79 66.19
Notes: WES station 13 location (radius) is 15.2 cm Burnout Time = 0.02876 msec
Table 14: Comparison ofResulting Data
Test: 134 Charge: 2.53 vs. WES Test 26
Station Gage Location Arrival Time First Peak Pressure Peak Station Pressure
SHARC WES Radius Height SHARC- 1 SHARC-2 WES SHARC-1 SHARC-2 SHARC-1 SHARC-2 WES
m (#) (cm) (cm) (msec) (msec) (msec) (KPa) (KPa) (KPa) (KPa) (KPa)
1 1 10.70 0.05 0.2858 0.4002 0.261 12558 17466 68312 26790 17609
2 2 25.35 45 0.1568 0.1818 0.141 9317 15355 9502 15355 12617
3 3 25.35 135 0.1817 0.1568 0.201 15371 9360 23088 9360 12252
4 4 7.25 199 0.4473 0.3521 0.476 7478 10379 7588 13423 6405
5 5 7.25 261 0.6932 0.5565 0.764 5904 9487 5904 9487 4509
6 7 7.25 330 1.0126 0.8073 1.13 4355 7466 4465 7979 4578
7 8 7.25 430 1.5280 1.1951 1.68 3987 6488 4178 6488 3675
8 9 7.25 530 2.0477 1.6166 2.05 4220 5147 4220 5147 3151
9 11 7.25 561 2.2071 1.7576 2.40 3982 4912 3982 4912 2086
10 12 0.05 760 4.9792 5.16 91.37 204.6 115.8
11 13 0.05 880 8.0271 7.89 44.72 44.72 67.57
Notes: WES station 13 location (radius) is 15.2 cm
SHARC-2 data resulted from detonating charge
Burnout Time = 0.02909 msec
at opposite end.
26
Table 15: Comparison ofResulting Data
Test: 134 Charge: 3.80 vs. WES Test 27
Station Gage Location Arrival Time First Peak Pressure Peak Station Pressure
SHARC WES Radius Height SHARC-1 SHARC-2 WES SHARC-1 SHARC-2 SHARC-1 SHARC-2 WES
(#) (#) (cm) (cm) (msec) (msec) (msec) (KPa) (KPa) (KPa) (KPa) (KPa)
1 1 10.70 0.05 0.2343 0.2343 0.241 15829 15829 97341 97341 28434
2 2 25.35 45 0.1464 0.1464 0.112 12258 12258 19658 19658 26428
3 3 25.35 135 0.1667 0.1667 0.134 20387 20387 24969 24969 17988
4 4 7.25 199 0.4040 0.4040 0.437 14003 14003 14003 14003 8563
5 5 7.25 261 0.6090 0.6090 0.699 8730 8730 8730 8730 7384
6 7 7.25 330 0.8674 0.8674 1.03 6146 6146 6146 6146 4675
7 8 7.25 430 1.2910 1.2910 1.52 4969 4965 4969 5357 4757
8 9 7.25 530 1.3557 1.7414 1.89 2215 4411 3732 4699 4185
9 11 7.25 561 1.3511 1.8882 2.21 2640 4267 3636 4563
10 12 0.05 760 3.2155 Negative 4.77 117.0 Negative 175.5 Negative 118.6
11 13 0.05 880 6.1198 Energy 7.33 70.31 Energy 70.31 Energy 95.15
Notes: WES station 13 location (radius) is 15.2 cm Burnout Time = 0.02876 msec
Table 16: Comparison ofResulting Data
Test: 106 Charge: 1.23 vs. WES Test 107
Station Gage Location Arrival Time First Peak Pressure Peak Station Pressure
SHARC WES Radius Height SHARC-1 SHARC-2 WES SHARC-1 SHARC-2 SHARC-1 SHARC-2 WES
(#) W (cm) (cm) (msec) (msec) (msec) (KPa) (KPa) (KPa) (KPa) (KPa)
1 l 10.70 0.05 0.3631 0.362 21616 21616 12270.1
2 2 25.35 45 0.1833 0.172 6104 6183 4180.91
3 3 25.35 135 0.2097 0.142 2974 6718 5439.4
4 4 7.25 201 0.6075 0.488 2008 2467 1098.96
5 5 7.25 263 1.1909 1.09 832 991 780.259
6 7 7.25 332 1.9389 1.87 791 791 822.131
7 8 7.25 432 3.1766 3.13 519 583 668.447
8 9 7.25 501 4.2057 4.15 427 516 680.513
9 10 7.25 563 5.1240 5.10 372 484 493.389
10 12 0.05 885 14.343 13.5 2.01 6.68 12.5485
Notes: WES station 12 location (radius) is 15.2 cm Burnout Time = 0.02876 msec
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Table 17: Comparison ofResulting Data
Test: 106 Charge: 2.53 vs. WES Test 108
Station Gage Location Arrival Time First Peak Pressure Peak Station Pressure
SHARC WES Radius Height SHARC-1 SHARC-2 WES SHARC-1 SHARC-2 SHARC-1 SHARC-2 WES
(#) {#) (cm) (cm) (msec) (msec) (msec) (KPa) (KPa) (KPa) (KPa) (KPa)
1 1 10.70 0.05 0.2851 0.304 11463 55521 51318
2 2 25.35 45 0.1566 0.150 9345 9376 5913
3 3 25.35 135 0.1822 0.132 15109 15109 5913
4 4 7.25 201 0.4832 0.479 3657 3657 2638
5 5 7.25 263 0.9196 0.938 1578 1867 1007
6 7 7.25 332 1.5172 1.54 1488 1488 700.5
7 8 7.25 432 2.4771 2.66 951 951 651
8 9 7.25 501 3.2263 3.52 829 879 964.5
9 10 7.25 563 3.9213 4.32 710 710 951.6
10 12 0.05 885 10.322 12.3 16.0 16.0 19.41
Notes: WES station 12 location (radius) is 15.2 cm Burnout Time = 0.02889 msec
Table 18: Comparison ofResulting Data
Test: 106 Charge: 3.80 vs. WES Test 109
Station Gage Location Arrival Time First Peak Pressure Peak Station Pressure
SHARC WES Radius Height SHARC-1 SHARC-2 WES SHARC-1 SHARC-2 SHARC-1 SHARC-2 WES
(#) (#) (cm) (cm) (msec) (msec) (msec) (KPa) (KPa) (KPa) (KPa) (KPa)
1 1 10.70 0.05 0.2492 0.280 28319 108630 69958.2
2 2 25.35 45 0.1454 0.220 12160 16106 10187.5
3 3 25.35 135 0.1639 0.327 17625 17625 10348.8
4 4 7.25 201 0.4293 0.330 5452 5452 1657.36
5 5 7.25 263 0.7797 0.409 2581 2581 1024.77
6 7 7.25 332 1.2766 1.03 1699 1913 989.673
7 8 7.25 432 2.0649 1.93 1483 1483 795.655
8 9 7.25 501 2.6736 2.66 1231 1231 1228.09
9 10 7.25 563 3.2590 3.31 1033 1033 754.011
10 12 0.05 885 10.911 10.8 21.47 21.47 23.3732
Notes: WES station 12 location (radius) is 15.2 cm Burnout Time = 0.02923 msec
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Table 19: Comparison ofResulting Data
Test: 73 Charge: 1.23 vs. WES Test 73
Station Gage Location Arrival Time First Peak Pressure Peak Station Pressure
SHARC WES Radius Height SHARC-1 SHARC-2 WES SHARC-1 SHARC-2 SHARC-1 SHARC-2 WES
(*) {) (cm) (cm) (msec) (msec) (msec) (KPa) (KPa) (KPa) (KPa) (KPa)
1 1 10.70 0.05 0.3770 0.3770 0.388 10750 10789 18108 18051 13520.6
2 2 25.35 45 0.1829 0.1829 0.086 5681 5681 5711 5704 4005.85
3 3 25.35 135 0.2060 0.2060 0.430 3017 3018 5930 5929 5846.8
4 4 7.25 198 0.5428 0.5429 0.486 3245 3249 6194 6205 4164.43
5 5 7.25 260 0.8704 0.8705 0.850 3368 3366 3368 3366 2999.22
6 7 7.25 360 1.4938 1.4940 1.488 3079 3081 3079 3081 2351.11
7 8 7.25 460 2.1051 2.1053 2.163 2462 2463 2462 2463 1937.43
8 9 23.85 645 2.9998 4.1444 4.832 295 493 1488 873 3378.43
9 10 7.25 750 4.5347 5.7056 6.519 668 678 668 678 517.107
10 11 0.05 812 6.4642 7.501 632 632 413.685
11 15 0.05 1154 17.10 18.0643
Notes: SHARC-1 station8 location (radius) is 7.25 cm
WES station 15 location (radius) is 15.2 cm
Burnout Tnns= 0.02899 msec
Table 20: Comparison ofResulting Data
Test: 73 Charge: 2.53 vs. WES Test 74
Station Gage Location Arrival Time First Peak Pressure Peak Station Pressure
SHARC WES Radius Height SHARC-1 SHARC-2 WES SHARC-1 SHARC-2 SHARC-1 SHARC-2 WES
(#) m (cm) (cm) (msec) (msec) (msec) (KPa) (KPa) (KPa) (KPa) (KPa)
1 i 10.70 0.05 0.3089 0.3089 0.274 65487 65290 65487 65290 26544.8
2 2 25.35 45 0.1561 0.1561 0.120 9209 9209 12218 12264 14341.1
3 3 25.35 135 0.1778 0.1778 0.118 10959 10959 16393 16248 11417.7
4 4 7.25 198 0.4448 0.4447 0.450 7651 7617 7651 7617 6467.28
5 5 7.25 260 0.6869 0.6869 0.782 6357 6377 6357 6377 3516.33
6 7 7.25 360 1.1619 1.1619 1.342 4263 4264 4275 4276
7 8 7.25 460 1.6896 1.6898 1.933 3823 3830 3823 3862 2489.01
8 9 23.85 645 3.1869 3.1937 4.153 569 781 758 1232 4516.07
9 10 7.25 750 Negative 4.3972 5.592 Negative 738 Negative 1173 848.055
10 11 0.05 812 Energy 5.1899 6.453 Energy 756 Energy 1013 648.107
11 15 0.05 1154 Error 14.50 Error Error 31.578
Notes: SHARC- 1 station 8 location (radius) is 7.25 cm
WES station 15 location (radius) is 15.2 cm
Burnout Tune = 0.02941 msec
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Table 21: Comparison ofResulting Data
Test: 73 Charge: 3.80 vs. WES Test 75
Station Gage Location Arrival Time First Peak Pressure Peak Station Pressure
SHARC WES Radius Height SHARC-1 SHARC-2 WES SHARC-1 SHARC-2 SHARC-1 SHARC-2 WES
W (#) (cm) (cm) (msec) (msec) (msec) (KPa) (KPa) (KPa) (KPa) (KPa)
1 1 10.70 0.05 0.2382 0.2382 0.201 31587 31587 102470 102470 34018.7
2 2 25.35 45 0.1457 0.1457 0.099 11415 11415 14008 14865 18360.7
3 3 25.35 135 0.1621 0.1621 0.149 17203 17203 17781 17781 18933.0
4 4 7.25 198 0.4012 0.4012 0.223 13552 13552 13552 13925 9066.61
5 5 7.25 260 0.6037 0.6037 0.591 8094 8094 8094 8146 3688.69
6 7 7.25 360 0.9899 0.9899 1.056 6451 6451 6451 6532 2141.51
7 8 7.25 460 1.5374 1.4195 1.586 5476 5474 5476 5474 2571.74
8 9 23.85 645 2.8346 2.7269 3.457 796 936 2025 1015 7191.23
9 10 7.25 750 4.0727 3.7665 4.759 1028 1031 1384 1384 1089.37
10 15 0.05 1154 13.34 63.9833
Notes: SHARC-1 station 8 location (radius) is 7.25 cm
WES station 15 location (radius) is 15.2 cm
Burnout Time = 0.02870 msec
Table 22: Comparison ofResulting Data
Test: 134 Charge: 2.53R vs. WES Test 26
Station Gage Location Arrival Time First Peak Pressure Peak Station Pressure
SHARC WES Radius Height SHARC-1 SHARC-2 WES SHARC-1 SHARC-2 SHARC-1 SHARC-2 WES
(#) (#) (cm) (cm) (msec) (msec) (msec) (KPa) (KPa) (KPa) (KPa) (KPa)
1 1 10.70 0.05 0.4002 0.261 17466 26790 17609
2 2 25.35 45 0.1818 0.141 15355 15355 12617
3 3 25.35 135 0.1568 0.201 9360 9360 12252
4 4 7.25 199 0.3521 0.476 10379 13423 6405
5 5 7.25 261 0.5565 0.764 9487 9487 4509
6 7 7.25 330 0.8073 1.13 7466 7979 4578
7 8 7.25 430 1.1951 1.68 6488 6488 3675
8 9 7.25 530 1.6166 2.05 5147 5147 3151
9 11 7.25 561 1.7576 2.40 4912 4912 2086
10 12 0.05 760 5.16 0.00 0.0 115.8
11 13 0.05 880 7.89 0.00 0.00 67.57
Notes: WES station 13 location (radius) is 15.2 cm Burnout Time = 0.02909 msec
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5.3 Graphical Comparison ofResulting Data
The Comparison Plots in Figures 4 through 12 are entitled using the same method
as was used for the Comparison ofResulting Data tables (Tables 13 through 22).
The plot on the left entitled Arrival Time Comparison is a plot of arrival times for
each of the stations analyzed using SHARC and the corresponding times from the WES
data. The data from the first SHARC run is labeled SHARC-1 and is depicted by white
outlined squares. The second SHARC run, SHARC-2, is depicted by black circles, and
the WES data is shown as a line which simply connects the points of the plotted WES
data. The notes in the bottom left corner pertain to the Arrival Time Comparison plots.
The Peak Pressure Comparison plot on the right is a plot of the SHARC pressure
data compared to the WES data. Again, the WES data is shown as a line connecting the
points defined by the WES test results. Each set of SHARC data is divided into Peak
Station Pressure data (outlined symbols) and 1st Peak Pressure data (solid symbols). If
the outlined symbols are not shown, thatmeans that the Peak Station Pressure is the same
as the 1st Peak Pressure for that station. The SHARC-1 data is depicted by a square and
the SHARC-2 data by a circle as in the Arrival Time Comparison plots.
The notes in the bottom right corner pertain to the Peak Pressure Comparison
plots. Typically, there is a note giving the data point for station 1 pressures since they
are usually out of range of the plot. This was done purposely so as not to sacrifice the
readability of the majority of the points. There may also be a note explaining how a
missing WES data point was determined for sake of continuity of the WES data line.
This was done by either direct interpolation or by an educated guess based on the
behavior ofother similar plots (as was done in the plot forWES Test 108 at station 3).
Any questions about the plots may be answered by looking at the data from which the
plots were generated in Tables 13-22.
3 1 Text continued on page 42.
Figure 4: Comparison Plots
Test: 134 Charge: 1.23 vs. WES Test 25
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Figure 5a: Comparison Plots
Test: 134 Charge: 2.53 vs. WES Test 26
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Figure 5b: Comparison Plots
Test: 134 Charge: 2.53R vs. WES Test 26
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Figure 6: Comparison Plots
Test: 134 Charge: 3.80 vs. WES Test 27
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Figure 7: Comparison Plots
Test: 106 Charge: 1.23 vs. WES Test 107
c
o
CO
'C
CO
Q.
E
o
o
3
CO
CO
CD
CO
CD
Q.
2 to
S
0- 3
co 8Qj CO
5 0-
CM
1
o
X co
COO-
a o V 1
o
CO
m
CM
o
CM
o
o
CO
o
o
co
o
o
I--
o
o
co
o
o
m
o
o
E
en
"3
x
0)
en
CO
O
(edIAl) ajnssajd MBad
O
co
'C
CO
a
E
o
O
CD
E
CO
>
'E
<
a
\^
t- CM
>v
a
\
I h- i 1 i I i 1 1 1 i I i i h-d--
o
o
a>
o
o
co
o
o
?CD
S **
o
o
*
o
o
CO
o
o
CM
o
o
a>
X
CD
en
<a
O
in^-cocMT-ocoooh-cDm
(oasui) aui;i ibaujv
CO CM >-
o
CO
CO
c
CO
O)
CO
CO
TO
to
o
CM
O
OH
<
X
CO
o
2
aj
o
z
36
Figure 8: Comparison Plots
Test: 106 Charge: 2.53 vs. WES Test 108
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Figure 9: Comparison Plots
Test: 106 Charge: 3.80 vs. WES Test 109
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Figure 10: Comparison Plots
Test: 73 Charge: 1.23 vs. WES Test 73
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Figure 11: Comparison Plots
Test: 73 Charge: 2.53 vs. WES Test 74
c
o
CO
"C
CO
a
E
o
o
3
CO
CO
CD
CO
CD
a.
^- ,
10 (0
T_ T
^
CM
i
o
^ CD
X CO X co X co X CO
CO o_ CO 0- CO 0. CO 0- > 0.
Q o |
in
co
o
co
o
o
CM
(BdiAl) ainssajd Mead
CM
i F
o o
OH o
<
X o
CO CO
1 u
o r
co CO
0. fl)
:>
3
r>- CO
CO (O
*
m 0-
co XL
ft
CO
F
CO
co
0-
n CO
T~ s:
O U
OH >H
< r
J_
co $
I o>
a to
CO
n 5
5 CO
o
o>
CO
CM o
m Z
CD
ft CO
CO u
F ^
0_
o
co
iZ
CO
a
E
o
o
CD
E
CO
>
<
(oasuj) auiii ibaujv
L_ o
Q.
CO r
CO o
T3 c
o o
<
sz
CO
T ?-
CO o
CO
*->
o
40
Figure 12: Comparison Plots
Test: 73 Charge: 3.80 vs. WES Test 75
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6. Discussion ofResults
6.1 SHARC Attributes
The SHARC runs were executed on the Army's Cray supercomputers via remote
Internet access from Rochester Institute ofTechnology. One striking fact that goes along
with this is that it takes approximately 70 hours of actual Cray processing time to
generate data for the 10 milliseconds following the initial detonation of the explosive.
However, the Crays only allow a maximum of 24 consecutive hours of processing time
before automatically aborting the process.
In order to overcome this limitation, a SHARC utility program was used which
allows the use of data generated from previous runs to be used as input to the next run,
thereby theoretically allowing you to process a run indefinitely. This utility program,
however, uses an averaging or an interpolating process to analyze the previous run's
results. When this data is then used to start the next run, it has been altered slightly -
enough to result in erroneous data generation for the rest of the run as can be seen in
Figures 4 through 12. This is also the cause of the discrepancies between the two sets of
SHARC datawhich are identical at the first stations and begin to vary when they are run
a second time from previous data.
6.2 Comparison Plot Analysis
Even with the problems with the utility program, the trends observed in the
SHARC data in Figures 4 through 12 correspond very well with the trends observed in
theWES data.
One common trend in the peak pressure comparison graphs, is that the pressures
at station 3 (h=135.0 cm) are frequently higher than the pressures at station 2 (h=45.0
42
cm), which does not seem to make sense given that the pressure at station 1 (h=0.05 cm)
is always the greatest of all the stations. Note that the arrival times for these stations also
seem to be counter-intuitive since the shock wave reaches station 2 before station 3 even
though station 2 is further away from the point of detination.
To explain this phenomenon, we should think of the burning charge as a traveling
source ofpressure generation which starts at the point of detonation and travels along the
length of the charge. Since the charge is actually 3 -dimensional, the burning action will
also have a component in the radial direction, but in the following discussion, this radial
componentwill be neglected.
Due to the nature of the SHARC analysis, the charge is treated as fixed in space
and is not free to move when acted upon by any forces acting on it as a result of the
explosion. It should be noted, however, that this most likely has little effect on the
validity of the results since, even if the charge were free to move, it would not move as
much as one might expect due to conservation ofmomentum.
The law ofConservation ofMomentum says that the center of gravity of a system
initially at rest must remain at rest unless acted upon by outside forces. If we take the
charge and the surrounding air as the system, then no outside forces are acting - only the
force of the explosion which is generated by the system itself. Therefore, the total
momentum of the system must remain equal to zero.
Given that the charge and surrounding air are radially symmetric, there will only
be unbalanced forces in the axial direction. This requires the momentum of the charge in
the direction away from the explosion to be equal to the momentum of the air in the
opposite direction. Since the mass of the charge is large compared to the mass of the air,
the velocity of the charge must be small relative to the velocity of the air. Thus all of the
energy released during the burning of the explosive is used for accelerating the
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surrounding air and there is little impact on the physics of the problem due to the charge
being modeled as rigidly fixed in space.
Many times an explosive will be used to propel an object such as a bullet, but this
is possible due to the barrel of the gun surrounding the explosive. If the barrel were not
there, the bulletwould move very little.
As the charge begins to burn, the reaction causes a tremendous increase in
pressure resulting in the formation of a shock wave. As the shock wave forms, it tries to
expand in a spherical manner (which represents the path of least energy for the expansion
process), but is unable to because the unburned charge is in the way.
The shock wave front then expands as close to spherically as possible until it
becomes large enough to begin to curl around the edges of the unburned charge. Note
that the charge is continuing to burn throughout this expansion of the shock wave,
continuously adding energy to the wave.
It is here that an analogy to the Doppler Effect will be drawn. As the shockwave
curls around the edges of the charge, the motion of the wave front traveling along the
side of the charge is in the same direction as the source of the wave itself. Conversely,
the portion of the wave traveling away from the charge is moving in the opposite
direction from the source. This is directly analogous to the Doppler Effect which is
created by a moving sound source which causes sound of a different pitch depending on
where the listener is relative to the motion of the source, and has the following effect.
Ifwe think of the explosion as taking place at discrete intervals of time such that
a shock wave is created during each interval, the shock fronts traveling away from the
charge (toward station 3) are being "spread
out"
as they are generated. To show this, a
look at the velocities of the wave fronts and the procession of the burning of the charge
should be looked at.
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It is possible to calculate the average velocity of various regions of the flow field
based on the arrival time of the wave front and the known distance that the front has
traveled. Using Test: 134 Charge: 2.53 as an example and referring to Table 14 (page
26) and Figure 1, the total time taken for the charge to burn is 0.02909 milliseconds and
the total (linear) distance covered is 22.352 cm - the length of the charge. This results in
an average velocity of 768.4 cm/msec. Note that this is just an approximation since the
charge does not burn in a perfectly linear manner, however, these figures will be
sufficiently accurate to describe the physics behind the wave motion.
Similarly, the average velocity of the wave front as it travels to station 3 is: 42.27
cm / 0.1818 msec = 232.5 cm/msec and as it travels to station 2 is: 61.63 cm / 0.1568
msec = 393.0 cm/msec. It is clear that the source of the pressure generation (the burning
of the charge) is traveling much faster than the resulting shockwave - in any direction.
The ramifications of these velocities are that the wave fronts traveling toward
station 3 are being "spread out"while those approaching station 2 are being
compounded. The velocity calculations show that the shock wave that results from the
final burning of the charge at the farthest end from detonation will begin to travel toward
station 2 before the initial shock wave reaches the end of the charge. Even though this
happens, the waves traveling in the same direction as the burning of the charge are closer
together and interact to create a resulting wave of much greater energy than the one
traveling toward station 3. This explains how the wave reaches station 2 before station 3
even though the point of detonation is nearer to station 3.
In order to verify the above explanation, an identical test was run except, in this
new test, the charge was detonated from the opposite end (closest to the closed end of the
chamber). If the above reasoning holds, the arrival times for stations 2 and 3 should be
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reversed since the problem is essentially being run in the opposite direction. As seen in
Table 14, this is indeed the case.
An aspect of the flow characteristics that seems intuitively correct initially, but
seems to fall apart after the above explanation of the arrival times is that the first peak
pressure of station 2 is less than that of station 3. It was previously explained that the
shockwave traveling toward station 2 is more energetic than that traveling toward station
3, so it would seem that the resulting peak pressure would be greater at station 2. This,
however, is not the case.
6.3 Station PlotAnalysis
Figures 13 through 23 are station plots for Test: 134 Charge: 2.53 and show
pressure plotted against time for each station of this test configuration. Figures 24
through 33 are the station plots for Test: 134 Charge: 2.53R, the test with the charge
detonated from the opposite end.
Referring to Figures 14a & 15a and Figures 25 & 26 (remembering that Figure
14a should correlate well with Figure 26 since these are in similar locations relative to
the detonation point of the charge, and similarly, Figures 15a and 25 should correlate), it
is seen that in all cases there is an initial spike at each location which gradually decreases
in intensity. Careful inspection is required since the plots have different scales. What is
important to note is how stations 2 and 3 of the same run differ from each other.
In Test: 134 Charge: 2.53 which had the detonation of the charge closest to
station 3, the pressure at station 3 has a high initial spike and falls off slowly compared to
station 2. Due to the rigid nature of the charge location, the pressure formed during the
explosion is used entirely to accelerate the surrounding air away from the charge and,
consequently, toward station 3. This is the cause of the initial spike.
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Figure 13b: Station Plot
Test: 134 Charge: 2.53 - Station 1 cont.
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Figure 14b: Station Plot
Test: 134 Charge: 2.53 - Station 2 cont.
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Figure 15a: Station Plot
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Figure 15b: Station Plot
Test: 134 Charge: 2.53 - Station 3 cont.
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Figure 16b: Station Plot
Test: 134 Charge: 2.53 - Station 4 cont.
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Figure 17a: Station Plot
Test: 134 Charge: 2.53 - Station 5
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Test: 134 Charge: 2.53 - Station 5 cont.
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Figure 18a: Station Plot
Test: 134 Charge: 2.53 - Station 6
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Figure 18b: Station Plot
Test: 134 Charge: 2.53 - Station 6 cont.
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Figure 19a: Station Plot
Test: 134 Charge: 2.53 - Station 7
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Figure 19b: Station Plot
Test: 134 Charge: 2.53 - Station 7 cont.
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Figure 20a: Station Plot
Test: 134 Charge: 2.53 - Station 8
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Figure 20b: Station Plot
Test: 134 Charge: 2.53 - Station 8 cont.
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Figure 21a: Station Plot
Test: 134 Charge: 2.53 - Station 9
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Figure 21b: Station Plot
Test: 134 Charge: 2.53 - Station 9 cont.
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Figure 22a: Station Plot
Test: 134 Charge: 2.53 - Station 10
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!Figure 22b: Station Plot
Test: 134 Charge: 2.53 - Station 10 cont.
OVER PRESSURE
20.0
- 17.5
15.0
12.5 c*
10.0
9
00
>N
03
I
Cd
7.5
a
5.0 w
Ed
3
3
** Si
0.0
-2.5
-6.0
TIME(MS)
PROBLEM 2.134 CHRG 2.53
66
Figure 23a: Station Plot
Test: 134 Charge: 2.53 - Station 11
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Figure 23b: Station Plot
Test: 134 Charge: 2.53 - Station 11 cont.
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Figure 24: Station Plot
Test: 134 Charge: 2.53 R - Station 1
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Figure 25: Station Plot
Test: 134 Charge: 2.53 R - Station 2
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Figure 26: Station Plot
Test: 134 Charge: 2.53 R - Station 3
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Figure 27: Station Plot
Test: 134 Charge: 2.53 R - Station 4
OVER PRESSURE
PROBLEM - 2.1340
STATION - 4
RADIUS - 7.25008+00 CM.
HEIGHT - 1. 99008+02 CM.
PO 1.01308+08 v-
PULSE
MAXIMUM - 1 . 3423&KJB
MINIMUM - 1 .53B6S-04
TIME OF MAX^ 3.9717E-04
TIME OP,MIN - I 0OO0E-O8
IMPULinr
MAXIMUM - 6 . 92488+04
/MINIMUM - 0 OOOOB+00
TIME OP MAX - 3 9989E-03
TIME OP MIN = 1 0OO0E-O8
80.
72.
n
e
x
I
09
n
TIME(M3.)
SERIES 2: TEST # 134 CHRG2.53R, AXISYMMETRIC (WITH ISLAND BOUNDARIES)
72
Figure 28: Station Plot
Test: 134 Charge: 2.53 R - Station 5
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Figure 29: Station Plot
Test: 134 Charge: 2.53 R - Station 6
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Figure 30: Station Plot
Test: 134 Charge: 2.53 R - Station 7
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Figure 31: Station Plot
Test: 134 Charge: 2.53 R - Station 8
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Figure 32: Station Plot
Test: 134 Charge: 2.53 R - Station 9
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The reason the spike falls off slowly is due to the Doppler analogy discussed
earlier. Since the shock wave is spread out, it takes a greater amount of time for it to
completely arrive at station 3 whereas, at station 2, since the shock is more compact, it all
converges upon station 2 in a short amount of time (relative to station 3) and leaves,
hence the sharp peak that falls off rapidly. This trend is seen in both SHARC runs at the
stations corresponding to the different charge locations.
As even further evidence that this is truly what is going on, the difference in time
from the arrival of the shock at the station to the time of maximum pressure can be
analyzed. For this analysis, Test: 134 Charge: 2.53R will be used since the times for
maximum pressure can be read directly off the station plots in the table of data in the
upper right corner of each plot. The arrival times are taken from the output files
generated during the creation of the station plots*. The arrival time and time of first peak
values for Test: 134 Charge: 2.53R, stations 2 and 3 are summarized in the table
below.
Table 23: Arrival Time vs. Time of 1st Peak
Test: 134 Charge: 2.53R
Station Arrival Time Time of 1st Peak Difference
2 0.1818 msec 0.1841 msec 0.0023 msec
3 0.1568 msec 0.1579 msec 0.001 1 msec
At station 2, the time of arrival is 0.1818 msec and the time ofmaximum pressure
is 0. 1841 msec which gives a difference of 0.0023 msec. At station 3, the time of arrival
is 0.1568 msec and the time ofmaximum pressure is 0.1579 msec giving a difference of
0.0011 msec - less than half of that at station 2. This follows from the previous
*
An example of an outstat file generated from Test: 106 Charge: 3.80 executions of SHARC is shown
in AppendixB.
79
discussion of the initial wave at station 2 being due to the unburned charge forcing the
shock wave away from it and then being followed by a spread out wave front creating a
buildup of pressure. At station 3, the maximum pressure is reached quicker since it is
due to the increased strength of the wave as compared to that incident upon station 2.
At station 1, it is seen from the data in Tables 13 through 22 that the peak station
pressures for equal sized charges in the three configurations have different values. It
maybe expected that these values all be the same since the charge size and the chamber
geometry are the same for all three configurations except the 2.54 cm reduction in length
in Test 106 due to the plate with the hole in it. However, this added plate should not
make any differnce since the peak station pressure occurs when the initial shock wave
arrives at station 1 - it does not depend on the compounding ofmany waves after they are
reflected.
The discrepancy in the peak station pressures can be explained by understanding
how computational fluid dynamics codes work. For the initial calculations, a time has to
be stated at which the calculations can begin. In the SHARC code, this time is taken as
1.0 e"8 seconds. Flow field values are calculated for this time and the remaining time
steps are calculated using the Courant, Friedrichs and Lewy (CFL) condition which
ensures numerical stability. This is similar to the von-Neumann stability criterion, but is
applicable to flows in gas dynamics. This time is not always the same each.timeth code
is executed due to round off errors inherent in any iterative calculation.
Because the time values for calculation are not exactly the same, the code will not
produce the same results for peak pressure since this pressure is sustained for such a short
period of time that the actual time of its occurrence has a very slim chance of being one
of the times used for calculation of the flow field parameters. This explains the
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discrepancy of the peak pressures at station 1 between various configurations as well as
the non-repeatability of the values between analyses with identical input files.
As a verification that the pressure over time in the chamber seems reasonable, the
station plots for stations 1, 2 and 3 can be compared using the impulse curve which is a
plot of the pressure at each station integrated over time. The impulse curves should all
be the same up to a time of about 0.4 milliseconds as this is the time at which the initial
shock wave reaches the entrance to the vent pipe and the exit conditions are not all the
same due to the plate in Test 106.
Because of the plate (and the reduced chamber volume due to the plate) in Test
106, the impulse curve should show higher values for that test since the shock waves
have more resistance to exiting the chamber. Upon careful inspection of the station plots,
this is indeed the case.
6.4 Viewld Plot Analysis
The Viewld utility program was also used to aid in the analysis of the SHARC
results. This plotting utility plots various flow field parameters as a function of axial
location at a particular time by calculating an average value for each parameter over the
cross-section of the configuration. The Viewld results included in Figures 34 through 58
show data for Test: 134 Charge: 2.53 for the flow field parameters pressure, density,
kinetic energy, internal energy and stagnation enthalpy at times of 0.480, 1.562, 2.316,
5.000 and 8.109 milliseconds.
8 1 Text continued on page 107.
Figure 34: Viewld Pressure Plot
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Figure 35: Viewld Density Plot
Test: 134 Charge: 2.53 - Time = 0.480 msec
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Figure 36: Viewld Kinetic Energy Plot
Test: 134 Charge: 2.53 - Time = 0.480 msec
kinetic energy
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Figure 37: Viewld Internal Energy Plot
Test: 134 Charge: 2.53 - Time = 0.480 msec
internal energy
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Figure 38: Viewld Stagnation Enthalpy Plot
Test: 134 Charge: 2.53 - Time = 0.480 msec
stagnation enthalpy
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Figure 39: Viewld Pressure Plot
Test: 134 Charge: 2.53 - Time = 1.562 msec
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Figure 40: Viewld Density Plot
Test: 134 Charge: 2.53 - Time = 1.562 msec
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Figure 41: Viewld Kinetic Energy Plot
Test: 134 Charge: 2.53 - Time = 1.562 msec
kinetic energy
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Figure 42: Viewld Internal Energy Plot
Test: 134 Charge: 2.53 - Time = 1.562 msec
internal energy
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Figure 43: Viewld Stagnation Enthalpy Plot
Test: 134 Charge: 2.53 - Time = 1.562 msec
stagnation enthalpy
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Figure 44: Viewld Pressure Plot
Test: 134 Charge: 2.53 - Time = 2.316 msec
pressure
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Figure 45: Viewld Density Plot
Test: 134 Charge: 2.53 - Time = 2.316 msec
density
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Figure 46: Viewld Kinetic Energy Plot
Test: 134 Charge: 2.53 - Time = 2.316 msec
kinetic energy
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Figure 47: Viewld Internal Energy Plot
Test: 134 Charge: 2.53 - Time = 2.316 msec
internal energy
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Figure 48: Viewld Stagnation Enthalpy Plot
Test: 134 Charge: 2.53 -Time = 2.316 msec
stagnation enthalpy
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Figure 49: Viewld Pressure Plot
Test: 134 Charge: 2.53 - Time = 5.000 msec
pressure
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Figure 50: Viewld Density Plot
Test: 134 Charge: 2.53 - Time = 5.000 msec
density
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Figure 51: Viewld Kinetic Energy Plot
Test: 134 Charge: 2.53 - Time = 5.000 msec
kinetic energy
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Figure 52: Viewld Internal Energy Plot
Test: 134 Charge: 2.53 - Time = 5.000 msec
internal energy
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Figure 53: Viewld Stagnation Enthalpy Plot
Test: 134 Charge: 2.53 - Time = 5.000 msec
stagnation enthalpy
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Figure 54: Viewld Pressure Plot
Test: 134 Charge: 2.53 -Time = 8.109 msec
pressure
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Figure 55: Viewld Density Plot
Test: 134 Charge: 2.53 - Time = 8.109 msec
density
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Figure 56: Viewld Kinetic Energy Plot
Test: 134 Charge: 2.53 -Time = 8.109 msec
kinetic energy
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Figure 57: Viewld Internal Energy Plot
Test: 134 Charge: 2.53 - Time = 8.109 msec
internal energy
50.
o
X
L.
>.
Ot
I.
C
45.-
40.
33.
30.
25.
20
13-
10.-
5.
1 1 1 1 \ 1 1
850 950 1050 1150 1250 1350 1450
in -
ax =
angle
xorg
yorg -
2.045E+C9
4.863E+10
9.000E+U
0.00OE*<0
0 000E+C0
t. i v. r
height (cm) xlO 2
-i
6. 7. 10
Prob. 2.134(253) Viewld - Results
time 8.109 ms cycle 13950. problem 2.1340
105
Figure 58: Viewld Stagnation Enthalpy Plot
Test: 134 Charge: 2.53 -Time = 8.109 msec
stagnation enthalpy
80.
X
E
W
O)
t-
72. -
64.-
56.-
48 -
2 40.-
32. -
24. -
16. -
0.
I I I 1 1 1 1 1
1
370 740 850 950 1050 1150 1250 1350 1450
-i
i. T T
mm
ax
angle
xorg
yorg
2.872E+C9
6.144E+10
9.000E+C1
O.OOOEMO
O.OOOE^CO
1 1 1
4. 5. 6.
height (en) xlO 2
7. T T 10
Prob. 2.134(253) Viewld - Results
time 8.109 ms cycle 13950. problem 2.1340
106
From the pressure plots it is possible to track the motion of the shock waves as
they travel throughout the chamber and vent. At time 0.480 milliseconds, the shocks are
primarily at the ends of the chamber with one shock beginning to travel down the vent
(at h=210 cm). Note that this confirms the arrival time data tabulated in Table 14 for
station 4, located at h-199 cm with an arrival time of 0.4473 milliseconds. The density
plot for the same time step looks similar to the pressure plot as it should since density
increases as pressure increases. Note, however, that the plots are not exactly proportional
since we are dealing with compressible flow and therefore can not assume constant
properties.
The shock waves are regions of high pressure and since the velocity of the air is a
function of the local pressure difference - which is large near the shock - the velocity of
the air should also be large. Kinetic energy is a function of velocity squared, and at this
time step it is shown to be the greatest near the shock as expected. The drop in kinetic
energy at h=180.0 cm is due to the wall at the end of the chamber. Since the Viewld
plots take the average value over the cross-section and the value of the velocity over the
majority of that cross-section is very near zero, the average is expected to be low.
The kinetic energy then increases dramatically after h=180.0 cm since the flow is
now inside the vent which obviously has a smaller cross-section than the chamber. The
shock wave which was expanding spherically in the chamber is now constrained to linear
motion due to the wall of the vent pipe. Its resulting velocity will be greater (as seen in
Figure 36) since it is now only dissipating energy in one dimension (linear) rather than
three (spherical).
The velocity of the air is also increased due to mass flux through a control
volume which has a diameter equal to that of the chamber and extends a short distance
into the chamber. The mass flux into the control volume is equal to the cross-sectional
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area of the chamber multiplied by the axial component of the average velocity of the air
and the average density of the air flowing into the control volume. Similarly, the mass
flux out of the control volume is equal to the cross-sectional area of the vent pipe
multiplied by the axial component of the average velocity of the air and the average
density of the air flowing out of the control volume. Note that for the mass flux out of
the control volume, the cross-sectional area of the vent pipe is used since the remaining
area for that end of the control volume is bounded by the end wall of the chamber.
For compressible flow, the mass flux into the control volume is equal to the mass
flux out of the control volume plus the rate of accumulation of mass inside the control
volume. Note, however, that an accumulation of mass inside the control volume will
result in an increase in pressure inside the control volume. The only way this will
happen, therefore, is when a shock wave enters into the control volume since a high
pressure inside the control volume will result in a net velocity out of the control volume.
Taking into consideration that it takes a relatively short amount of time for a
shock wave to cross a boundary of the control volume, the majority of the time is spent
with the direction of the net velocity being out of the control volume and into the vent
due to the high pressure in the chamber. Therefore, the rate of accumulation of mass
inside the control volume is small compared to the mass flux through its boundaries.
This, in turn, implies that the mass flux into the control volume is nearly equal to the
mass flux out of the control volume.
At time 1.562 milliseconds, the shock activity in the chamber has become very
spread out over the right end of the chamber and the leading shock wave has reached a
height of 440 cm. Note that the scale of the plot has changed and that the maximum
pressure is considerably lower than at time 0.480 milliseconds. Also note that there is a
greater pressure behind the leading shock wave than the shock itself. This is the result of
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the coalescing effect of shocks following each other. When the first shock wave passes a
certain location, it "pulls" the air along behind it as well as increases its temperature,
pressure and density. The combination of all the effects increases the speed of sound in
the air following the first shock wave thus allowing following shock waves to catch it.
At time 2.316 milliseconds, it is seen that one shock wave is exiting the vent into
the atmosphere. As soon as it exits, the plot shows a dramatic decrease in pressure since
the cross-sectional area is then increased to infinity. Notice also that there are two more
shock waves traveling down the vent, a process that will continue until the pressure
inside the chamber equalizes with the atmospheric pressure. Notice also that there are
still sizable shock reverberating inside the chamber since there is only a small opening to
allow the reflecting shocks to escape.
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7. Conclusion
The goal of this analysis is to show that SHARC is able to correctly model
explosions in vented chambers. To accomplish this, the results of the SHARC runs were
analyzed to verify that they match what is expected from physical laws and were
compared to corresponding results from model tests that the U. S. Army performed.
Three different configurations, each with three charge sizes were investigated. It was
found that SHARC is able to produce valid results, but with some limitations.
In spite of these, SHARC has shown its capability to produce very good results as
seen from the comparison plots presented above. As with any software used as an
engineering aid, SHARC must be used with caution and some form of verification should
be used to analyze the results produced. At the very least, the various flow field
parameters should be plotted to see if the resulting trends match what is expected. This
report has used the Army model tests for this purpose in lieu of highly expensive
benchmark-quality data.
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Appendix A: Sample Keelin File
Keelin for Test: 134 Chrg: 2.53
keel prob=2. 134
imax=168 jmax=1460
nstn=ll nop=5
burn=l geom=2
method=4jwl=l
lbound=0 bbound=0 rbound=0 tbound=l
nm=3 air=l compb=2 cbbrn=3 eos=6 atmos=5
header
Series 2: Test # 134 chrg2.53, Axisymmetric (with island boundaries)
mesh x0=0 y0=0
nx=l dx=0.234 nx=10 dx=0.26321
nx=16 dx=0.27711875 nx=40 dx=0.4525
nx=l dx=0.6 nx=4 dx=1.0
nx=15 dx=2.0 nx=81 dx=3.0
ny=320 dy=0.246325 ny=80 dy=0.2494
ny=12 dy=0.2 ny=320 dy=0.246325
ny=20 dy=0.3 ny=8 dy=0.5
ny=700 dy=1.0
generate
package island
rectangle xl= 0.0 x2=303.0 yl= 0.0 y2=580.0
delete
rectangle xl= 0.0 x2= 25.4 yl= 0.0 y2=180.0
delete
rectangle xl= 0.0 x2= 7.3 yl=180.0 y2=580.0
package air
rectangle xl= 0.0 x2= 25.4 yl= 0.0 y2=180.0
delete
rectangle xl= 0.0 x2= 2.8661 yl= 78.824 y2=101.176
package air
rectangle xl= 0.0 x2= 7.3 yl=180.0 y2=580.0
package air
rectangle xl= 0.0 x2=303.0 yl=580.0 y2=890.0
package compb
rectangle xl= 0.0 x2= 2.8661 yl= 78.824 y2=101.176
delete
rectangle xl= 0.0 x2= 0.234 yl= 98.776 y2=101.176
package cbbrn
rectangle xl= 0.0 x2= 0.234 yl= 98.776 y2=101.176
stations
xs= 10.7 ys= 0.05
xs= 25.35 ys= 45.0
xs= 25.35 ys= 135.0
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xs= 7.25 ys= 199.0
xs= 7.25 ys= 261.0
xs= 7.25 ys= 330.0
xs= 7.25 ys= 430.0
xs= 7.25 ys= 530.0
xs= 7.25 ys= 561.0
xs= 0.05 ys= 760.0
xs= 0.05 ys= 880.0
end
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Appendix B: Sample Sharcin File
Sharcin for Test: 134 Chrg: 2.53
share prob=2. 134
input cycle=8027 t=3.6e-3 times=3 dmpint=400.0E-6
stabf=0.1 stbmx=0.5 stbchg=0.005 jwl=l
ptstop=20.0e-3 mreler=1.0e20
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Appendix C: Sample Pullin File
Pullin for Test: 134 Chrg: 2.53
pull prob=2. 134
color
ictrs=15
nocells nonum
reflect x
pcont 1.0E6 1.6E6
2.5E6 4.0E6
6.3E6 1.0E7
1.6E7 2.5E7
4.0E7 6.3E7
1.0E8 1.6E8
2.5E8 4.0E8
6.3E8
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Appendix D: Sample Statin File
Statin for Test: 134 Chrg: 2.53
pull prob=2. 134
all
header
Problem 2.134 Chrg 2.53
station= 123 456789 10 11
ftime = 4.0e-3
ovpr
print
end
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Appendix E: Charge Dimension Conversion
The charges used in the model tests had rectangular cross-sections which can not
be modeled using an axisymmetric computermodel. To solve this problem, the cross-
section was converted to a circle using the following formula:
lw-h
K
Where: r = equivalent radius
w = width oforiginal charge
h = height oforiginal charge
As shown in Table 3, the areas of the new circular cross-sections are within
0.003% of the rectangular cross-sections of the actual charges used in the model tests.
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Appendix F: Sample Outstat Files
Test: 106 Charge: 3.80
The maximum number of times at any station is 9139 ( 45695 words).
Problem Number = 2.106 Units = cgs
nsta= 1 x= 1.0700E+01 y= 5.0000E-02
Number of times for this station are = 4596
Positive phase not complete at station 1
Arrival time = 2.4917E-04
First peak overpressure = 2.83 19E+08
Time ofmaximum overpressure = 2.9070E-04
Maximum overpressure = 1 .0863E+09
Positive phase duration = 6.7465E-03
Zero pressure = 4.9587E-K)7
Peak negative overpressure = 4.9587E+07
Arrival time ofpeak negative overpressure = 6.9956E-03
Plotmax = 1.5356E-04 Plotmin= 1.0863E+09
Plotmax = 0.0000E+00 Plotmin= 4.9680E+05
Maximum u component ofdynamic pressure = 1.0 166E+09
Time ofmaximum = 2.8716E-04
Minimum u component ofdynamic pressure = -2.2050E+07
Timeofniinimum= 1.7255E-03
Maximum impulse (u component) = 3 . 1555E+04
Minimum impulse (u component) = 0.00O0E+OO
Maximum v component ofdynamic pressure = 2.1770E+07
Time ofmaximum = 2.9091E-04
Minimum v component ofdynamic pressure = - 1 .0719E+08
Time ofminimum = 2.4850E-04
Maximum impulse (v component) = O.OOOOE+00
Minimum impulse (v component) = -4.5610E+02
Time of maximum dynamic pressure = 2.8716E-04
Maximum dynamic pressure = 1.0209E+09
u component ofmaximum dynamic pressure = 1.0166E+09
v component ofmaximum dynamic pressure = -4.3085E+O6
nsta= 2 x= 2.5350E+01 y= 4.5000E+01
Number of times for this station are = 5516
Positive phase not complete at station 2
Arrival time = 1.4537E-04
First peak overpressure = 1.2160E+08
Time ofmaximum overpressure = 6.5536E-04
Maximum overpressure = 1 .6 106E+08
Positive phase duration = 6.8486E-03
Zero pressure = 4.6713E+07
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Peak negative overpressure = 4.67 13E+07
Arrival time ofpeak negative overpressure = 6.9940E-03
Plotmax = 1.5356E-04 Plotmin= 1.6106E+O8
Plotmax = 0.0000E+00 Plotmin= 3.7309E+O5
Maximum u component of dynamic pressure = 3 .7398E+06
Time ofmaximum = 3.8124E-04
Minimum u component of dynamic pressure = -6.5557E+05
Time ofminimum = 3.9394E-04
Maximum impulse (u component) = 2.8412E+01
Minimum impulse (u component) = -3.8727E+O0
Maximum v component of dynamic pressure = 9.1388E+07
Time ofmaximum = 6.4993E-04
Minimum v component ofdynamic pressure = -4.3723E+08
Time ofminimum = 1 .4614E-04
Maximum impulse (v component) = O.OOOOE+OO
Minimum impulse (v component) = -2.9147E+04
Time ofmaximum dynamic pressure = 1 .4614E-04
Maximum dynamic pressure = 4.3753E+08
u component ofmaximum dynamic pressure = -2.9974E+05
v component ofmaximum dynamic pressure = -4.3723E+08
nsta= 3 x= 2.5350E+01 y= 1.350OE+O2
Number of times for this station are = 6497
The number of times at station 3
is 6497, exceeding parameter ndata
(= 6000).
The maximum number of times at any station is 9139 ( 45695 words).
ProblemNumber = 2.106 Units = cgs
nsta= 3 x= 2.5350E+O1 y= 1.3500E+02
Number of times for this station are = 4707
Positive phase not complete at station 3
Arrival time = 1.6385E-04
First peak overpressure = 1.7625E+08
Time ofmaximum overpressure = 1 .6958E-04
Maximum overpressure = 1 .7625E+08
Positive phase duration = 3.8358E-03
Zero pressure = 7.8108E+07
Peak negative overpressure = 7.8108E+O7
Arrival time ofpeak negative overpressure = 3 . 9996E-03
Plotmax = 1.5356E-04 Plotmin= 1.7625E+08
Plotmax = O.OOOOE+00 Plotmin= 2.0677E+05
Maximum u component ofdynamic pressure = 4.3719E+07
Time ofmaximum = 1 .6246E-04
Minimum u component of dynamic pressure = -1.4710E+06
Time ofminimum = 4.8524E-04
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Maximum impulse (u component) = 3.8892E+02
Minimum impulse (u component) = 0.0000E+00
Maximum v component of dynamic pressure = 1 . 7846E+08
Time ofmaximum = 1 .693 1E-04
Minimum v component of dynamic pressure = -9.9477E+07
Time ofminimum = 8. 1766E-04
Maximum impulse (v component) = 2.3461E+04
Minimum impulse (v component) = 0.0000E+00
Time ofmaximum dynamic pressure = 1 .693 1E-04
Maximum dynamic pressure = 1 .80 1 1E+08
u component of maximum dynamic pressure = 1.6438E+06
v component ofmaximum dynamic pressure = 1 .7846E+08
nsta= 4 x= 7.2500E+00 y= 2.0100E+02
Number of times for this station are = 5530
Positive phase not complete at station 4
Arrival time = 4.2927E-04
First peak overpressure = 5.4522E+07
Time ofmaximum overpressure = 4.3552E-04
Maximum overpressure = 5.4522E+07
Positive phase duration = 3.5704E-03
Zero pressure = 5.865 1E+06
Peak negative overpressure = 5.8651E+06
Arrival time ofpeak negative overpressure = 3 .9996E-03
Plot max = 1.5356E-04 Plotmin= 5.4522E+07
Plot max = 0.0000E+00 Plotmin= 1.9675E+04
Maximum u component ofdynamic pressure = 1 .0937E+06
Time ofmaximum = 7.2088E-04
Minimum u component of dynamic pressure = -1.7907E+05
Time ofminimum = 7.3337E-04
Maximum impulse (u component) = 1.4340E+01
Minimum impulse (u component) = -2. 1935E-01
Maximum v component ofdynamic pressure = 9.0659E+07
Time ofmaximum = 4.3456E-04
Minimum v component ofdynamic pressure = -2. 1305E+O6
Time ofminimum = 2.1567E-03
Maximum impulse (v component) = 7.5092E+03
Minimum impulse (v component) = 0.0000E+00
Time ofmaximum dynamic pressure = 4.3456E-04
Maximum dynamic pressure = 9.0677E+07
u component of maximum dynamic pressure = 1 .7875E+04
v component ofmaximum dynamic pressure = 9.0659E+07
nsta= 5 x= 7.2500E+O0 y= 2.6300E+02
Number of times for this station are = 4225
Positive phase not complete at station 5
Arrival time = 7.7968E-04
First peak overpressure = 2.5806E+07
Time ofmaximum overpressure = 7.8905E-04
Maximum overpressure = 2.5806E+07
Positive phase duration = 3.2199E-03
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Zero pressure = 6.0855E+06
Peak negative overpressure = 6.0855E+06
Arrival time ofpeak negative overpressure = 3 . 9996E-03
Plotmax = 1.5356E-04 Plotmin = 2.5806E+07
Plotmax = 0.0000E+00 Plotmin= 2.2181E+04
Maximum u component of dynamic pressure = 3.5017E+04
Time ofmaximum = 9.8312E-04
Minimum u component ofdynamic pressure = -3.0837E+04
Time ofminimum = 1 . 9204E-03
Maximum impulse (u component) = 1.7794E+00
Minimum impulse (u component) = -4.8872E-02
Maximum v component of dynamic pressure = 5.6588E+07
Time ofmaximum- 7.8905E-04
Minimum v component ofdynamic pressure = -1.13 13E+06
Time ofminimum = 1.7359E-03
Maximum impulse (v component) = 1.0496E+04
Minimum impulse (v component) = O.OOOOE+OO
Time ofmaximum dynamic pressure = 7.8905E-04
Maximum dynamic pressure = 5.6588E+07
u component ofmaximum dynamic pressure = -1.6621E+01
v component ofmaximum dynamic pressure = 5.6588E+07
nsta= 6 x= 7.2500E+00 y = 3.3200E+02
Number of times for this station are = 3315
Positive phase not complete at station 6
Arrival time = 1.2766E-03
First peak overpressure = 1.6989E+07
Time ofmaximum overpressure = 1.3559E-03
Maximum overpressure = 1.9134E+07
Positive phase duration = 2.7232E-03
Zero pressure = 4.6751E+06
Peak negative overpressure = 4.6751E+06
Arrival time ofpeak negative overpressure = 3 . 9998E-03
Plot max = 1.5356E-04 Plotmin= 1.9134E+07
Plot max = O.OOOOE+OO Plotmin= 1.8259E+04
Maximum u component ofdynamic pressure = 4.8767E+03
Time ofmaximum = 3.5099E-03
Minimum u component ofdynamic pressure = -6.9413E+03
Time ofminimum = 3.9563E-03
Maximum impulse (u component) = 3.1586E-01
Minimum impulse (u component) = -5.0306E-03
Maximum v component of dynamic pressure = 3 .6448E+07
Time ofmaximum = 1.3559E-03
Minimum v component ofdynamic pressure = -1.9419E+05
Time ofminimum = 3.7902E-03
Maximum impulse (v component) = 1 .0810E+04
Minimum impulse (v component) = 0.0000E+O0
Time ofmaximum dynamic pressure = 1 .3559E-03
Maximum dynamic pressure = 3.6448E+07
u component ofmaximum dynamic pressure <= -1.8541E+01
v component ofmaximum dynamic pressure = 3 .6448E+07
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nsta= 7 x= 7.2500E+00 y= 4.3200E+02
Number of times for this station are = 1792
Positive phase not complete at station 7
Arrival time = 2.0649E-03
First peak overpressure = 1 .4830E+07
Time ofmaximum overpressure = 2.0763E-03
Maximum overpressure = 1.4830E+07
Positive phase duration = 1.9347E-03
Zero pressure = 4.8571E+06
Peak negative overpressure = 4.8571E+06
Arrival time ofpeak negative overpressure = 3 . 9996E-03
Plotmax = 1.5356E-04 Plotmin= 1.4830E+07
Plotmax = O.OOOOE+OO Plotmin= 1.4186E+04
Maximum u component ofdynamic pressure = 1 . 9996E+03
Time ofmaximum = 2.0654E-03
Minimum u component ofdynamic pressure = -1.4596E+03
Time ofminimum = 3.9041E-03
Maximum impulse (u component) = 6.4051E-02
Minimum impulse (u component) = -1.7696E-02
Maximum v component of dynamic pressure = 2.6082E+07
Time ofmaximum = 2.0763E-03
Minimum v component ofdynamic pressure = O.OOOOE+OO
Time ofminimum = 1.0000E-08
Maximum impulse (v component) = 1.0887E+04
Minimum impulse (v component) = 0.0000E+00
Time ofmaximum dynamic pressure = 2.0763E-03
Maximum dynamic pressure = 2.6082E+07
u component ofmaximum dynamic pressure = 6.3369E+00
v component ofmaximum dynamic pressure = 2.6082E+07
nsta= 8 x= 7.2500E+00 y= 5.0100E+02
Number of times for this station are = 907
Positive phase not complete at station 8
Arrival time = 2.6736E-03
First peak overpressure = 1.2313E+07
Time ofmaximum overpressure = 2.6865E-03
Maximum overpressure = 1.23 13E+07
Positive phase duration = 1.3260E-03
Zero pressure = 5.3890E+06
Peak negative overpressure = 5.3890E+06
Arrival time ofpeak negative overpressure = 3.9996E-03
Plotmax = 1.5356E-04 Plotmin= 1.2313E+07
Plotmax = 0.0000E+00 Plotmin= 9.9546E+03
Maximum u component ofdynamic pressure = 3.3 136E+02
Time ofmaximum = 2.6744E-03
Minimum u component ofdynamic pressure = -4.0672E+0 1
Time ofminimum = 3.9996E-03
Maximum impulse (u component) = 3.8435E-03
Minimum impulse (u component) = 0.0000E+00
Maximum v component ofdynamic pressure = 2.0457E+07
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Time ofmaximum = 2.6865E-03
Minimum v component ofdynamic pressure = O.OOOOE+OO
Time ofminimum = 1 .0000E-08
Maximum impulse (v component) = 1.0709E+04
Minimum impulse (v component) = O.OOOOE+OO
Time ofmaximum dynamic pressure = 2.6865E-03
Maximum dynamic pressure = 2.0457E+07
u component ofmaximum dynamic pressure = 1 . 1417E+00
v component ofmaximum dynamic pressure = 2.0457E+07
nsta= 9 x= 7.2500E+00 y= 5.6300E+02
Number of times for this station are = 650
Positive phase not complete at station 9
Arrival time = 3.2590E-03
First peak overpressure = 1 .0332E+07
Time ofmaximum overpressure = 3 .2728E-03
Maximum overpressure = 1.0332E+07
Positive phase duration = 7.4059E-04
Zero pressure = 9.2456E+06
Peak negative overpressure = 9.2456E+06
Arrival time ofpeak negative overpressure = 3 . 9996E-03
Plot max = 1.5356E-04 Plotmin= 1.0332E+07
Plot max = O.OOOOE+OO Plotmin= 5.4174E+03
Maximum u component ofdynamic pressure = 4. 1428E+0 1
Time ofmaximum = 3.9650E-03
Minimum u component ofdynamic pressure = -4.5335E+00
Time ofminimum = 3.9892E-03
Maximum impulse (u component) = 9. 1 166E-04
Minimum impulse (u component) = 0.0000E+00
Maximum v component ofdynamic pressure = 1 .6 128E+07
Time ofmaximum = 3.2728E-03
Minimum v component ofdynamic pressure = 0.0000E+00
Time ofminimum = 1.0000E-O8
Maximum impulse (v component) = 6.3502E+03
Minimum impulse (v component) = 0.0000E+00
Time ofmaximum dynamic pressure = 3 .2728E-03
Maximum dynamic pressure = 1 .6 128E+07
u component ofmaximum dynamic pressure = 1.8527E-02
v component ofmaximum dynamic pressure = 1 .6128E+07
plot done, pages = 8. words = 47777
graphics cl = u
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Series 2: Test # 106 Chrg3.80, Axisymmetric (with island boundaries)
sta xcord ycord at fop opmax opi
(cm) (cm) (s) (dpsc) (dpsc) (dpsc*s)
3 2.535E+01 1.350E+02 1.638E-04 1.763E+08 1.763E+08 2.068E+05
4 7.250E+00 2.010E+02 4.293E-04 5.452E+07 5.452E+07 1.967E+04
5 7.250E+00 2.630E+02 7.797E-04 2.581E+07 2.581E+07 2.218E+04
6 7.250E+00 3.320E+02 1.277E-03 1.699E+07 1.913E+07 1.826E+04
7 7.250E+00 4.320E+02 2.065E-03 1.483E+07 1.483E+07 1.419E+04
8 7.250E+00 5.010E+02 2.674E-03 1.231E+07 1.231E+07 9.955E+03
9 7.250E+00 5.630E+02 3.259E-03 1.033E+07 1.033E+07 5.417E+03
Series 2: Test # 106 Chrg3.80, Axisymmetric (with island boundaries)
sta hdpp vdpp ppd dpih dpiv
(dpsc) (dpsc) (s) (dpsc*s) (dpsc*s)
3 4.372E+07 1.785E+08 3.836E-03 3.889E+02 2.346E+04
4 1.094E+06 9.066E+07 3.570E-03 1.434E+01 7.509E+03
5 3.502E+04 5.659E+07 3.220E-03 1.779E+00 1.050E+04
6 -6.941E+03 3.645E+07 2.723E-03 3.159E-01 1.081E+04
7 2.000E+O3 2.608E+07 1.935E-03 6.405E-02 1.089E+04
8 3.314E+02 2.046E+07 1.326E-03 3.843E-03 1.071E+04
9 4.143E+01 1.613E+07 7.406E-04 9.117E-04 6.350E+03
Series 2: Test # 106 Chrg3.80, Axisymmetric (with island boundaries)
sta pnop tpnop atmdp mmdp hcmdp vcmdp
(dpsc) (s) (s) (dpsc) (dpsc) (dpsc)
3 7.811E+07 4.000E-03 1.693E-04 1.801E+08 1.644E+06 1.785E+08
4 5.865E+06 4.000E-03 4.346E-04 9.068E+07 1.788E+04 9.066E+07
5 6.085E+06 4.000E-03 7.890E-04 5.659E+07 -1.662E+01 5.659E+07
6 4.675E+06 4.000E-03 1.356E-03 3.645E+07 -1.854E+01 3.645E+07
7 4.857E+06 4.000E-03 2.076E-03 2.608E+07 6.337E+00 2.608E+07
8 5.389E+06 4.000E-03 2.686E-03 2.046E+07 1.142E+00 2.046E+07
9 9.246E+06 4.000E-03 3.273E-03 1.613E+07 1.853E-02 1.613E+07
The maximum number of times at any station is
Problem Number = 2.1060 Units = cgs
804 ( 4020 words).
nsta= 10 x= 5.0000E-02 y= 8.8500E+02
Number of times for this station are = 779
Positive phase not complete at station 10
Second peak not reached
Arrival time = 1.091 1E-02
First peak overpressure = 2.1468E+05
Time ofmaximum overpressure = 1.0988E-02
Maximum overpressure = 2. 1468E+05
Positive phase duration = 8.8566E-05
Zero pressure = 2.1331E+05
Peak negative overpressure = 2. 1331E+05
Arrival time ofpeak negative overpressure = 1.0999E-02
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Plotmax = 1.5356E-04 Plotmin= 2.1468E+05
Plot max = O.OOOOE+OO Plotmin= 2.1185E+01
Maximum u component ofdynamic pressure = 1.3366E-03
Time of maximum = 1.0988E-02
Minimum u component of dynamic pressure = O.OOOOE+OO
Time ofminimum = 4.3994E-03
Maximum impulse (u component) = 9.9228E-08
Minimum impulse (u component) = O.OOOOE+OO
Maximum v component ofdynamic pressure = 1 .6250E+04
Time ofmaximum = 1.0988E-02
Minimum v component of dynamic pressure = O.OOOOE+OO
Time ofminimum = 4.3994E-03
Maximum impulse (v component) = 1 . 1409E+00
Minimum impulse (v component) = O.OOOOE+OO
Time ofmaximum dynamic pressure = 1 .0988E-02
Maximum dynamic pressure = 1 .6250E+04
u component ofmaximum dynamic pressure = 1.3366E-03
v component ofmaximum dynamic pressure = 1 .6250E+04
plot done, pages = 2. words = 5852
graphics cl = u
Series 2: Test # 106 Chrg3.80, Axisymmetric (with island boundaries)
sta xcord ycord at fop opmax opi
(cm) (cm) (s) (dpsc) (dpsc) (dpsc*s)
10 5.000E-02 8.850E+02 1.091E-02 2.147E+05 2.147E+05 2.118E+01
Series 2: Test # 106 Chrg3.80, Axisymmetric (with island boundaries)
sta hdpp vdpp ppd dpih dpiv
(dpsc) (dpsc) (s) (dpsc*s) (dpsc*s)
10 1.337E-03 1.625E+04 8.857E-05 9.923E-08 1.141E+00
Series 2: Test # 106 Chrg3.80, Axisymmetric (with island boundaries)
sta pnop tpnop atmdp mmdp hcmdp vcmdp
(dpsc) (s) (s) (dpsc) (dpsc) (dpsc)
10 2.133E+05 1.100E-02 1.099E-02 1.625E+04 1.337E-03 1.625E+04
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